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Chromosomal non-histone proteins play a pivotal role in chromosome structure 
and chromosome dynamics in mitosis. Of particular interest is a group of proteins 
that constitute the insoluble residue after histone depletion, collectively termed 
the chromosome scaffold fraction. One of these proteins, SMC2, is a component 
of the condensin complex, which has been proposed to function in chromosome 
condensation. The generation of a chicken DT40 cell line conditionally null for the 
smc2 gene allowed me to perform comparative biochemical experiments with 
isolated mitotic chromosomes. The results suggest that in vertebrates, condensin 
is largely dispensable for chromosome condensation, but is required to confer 
structural integrity to mitotic chromosomes. Clearly, additional factors are 
involved in the formation of mitotic chromosomes. This renewed my interest in 
the chromosome scaffold fraction, and I initiated a proteomic screen for 
components of histone-depleted human metaphase chromosomes. Of the 79 
proteins identified, 16 had no known function. I cloned four of these 
uncharacterized proteins and transiently expressed them as GFP fusions in 
tissue culture cells. The results confirmed that all four associate with mitotic 
chromosomes in vivo. Based on the phenotype observed after over-expression, I 
propose that one of the four proteins, known as nuclear protein p30, is involved 
in the formation of centromeric heterochromatin. 
I went on to characterize a second protein, which was termed borealin, in 
more detail. Borealin is a novel fourth subunit of the vertebrate chromosomal 
passenger complex containing aurora-B kinase, INCENP, and survivin. This 
complex has essential regulatory roles at centromeres and the central spindle in 
mitosis. Co-immunoprecipitation experiments of endogenous proteins suggest 
that essentially all of survivin, the majority of INCENP, and approximately half of 
aurora-B are complexed with borealin in mitotic cells. I also detected a sub-
complex containing aurora-B and INCENP, but no borealin or survivin. Results 
from sucrose gradient sedimentation experiments suggest that there are high 
molecular weight complexes containing chromosomal passengers. These may 
also contain core histones. 
Binding experiments in vitro revealed a strong direct interaction of borealin 
with survivin, suggesting that it is the main binding partner of borealin in mitosis. 
Borealin also binds itself in vitro, and this interaction is detectable in vivo. I then 
investigated the role of borealin within the complex and present evidence that, in 
contrast to INCENP and survivin, borealin is unlikely to be involved in the 
regulation of aurora-B kinase activity, but may be the subunit that targets the 
complex to centromeres. Borealin function is likely to be regulated in mitosis, as 
the protein is phosphorylated in vitro by both aurora-B and polo-like kinase 1, 
another essential mitotic kinase. Depletion of borealin by RNA interference 
delays mitotic progression and results in kinetochore-spindle mis-attachments 
and an increase in bipolar spindles associated with ectopic asters. The extra 
poles severely disrupt the partitioning of chromosomes in anaphase, revealing an 
unexpected role for the chromosomal passenger complex in the maintenance of 
mitotic spindle integrity. 
These studies have identified novel non-histone components of mitotic 
chromosomes, one of which, nuclear protein p30, is likely to play a role in 
centromeric chromatin structure. Furthermore, the functional analysis of borealin 
has revealed new levels of complexity in the regulation of mitotic events by 
aurora-B kinase and the chromosomal passenger complex. 
II. General introduction 
The cell cycle 
In multiplying cells, cell division is coordinated with DNA replication and the gain 
of cell mass. In eukaryotes, these events occur temporally separated from each 
other. The eukaryotic cell cycle can therefore be subdivided into four distinct 
phases (Fig 1). The two main events are the replication of the genome in S 
phase and its subsequent segregation to the two forming daughter cells in M 
phase (mitosis). The gap between the completion of mitosis and the DNA 
replication of S phase is called G1, and the following gap between S phase and 
mitosis is called G2. Most cells in multicellular organisms eventually exit the cell 
cycle to carry out specific functions in a process called differentiation. When 
these cells cease cell division, they enter a non-dividing state, called G0, which 
represents a special compartment of G1. In some cases, G0 cells are recruited to 
return to G and cell division after receiving appropriate signals from their 
environment. 
Regulation of the cell cycle 
Cell cycle progress is unidirectional. The key regulators of cell cycle progression 
are protein kinases, whose activities are carefully controlled in space and time. 
Accessory subunits, termed cyclins (Evans et at., 1983), activate specific protein 
kinases at different stages of the cell cycle (Lohka et al., 1988; Hadwiger et al., 
1989; Nash et al., 1988). These cyclin-dependent kinase (Cdk)—cyclin complexes 
drive the cell cycle forward: They overcome G1  inhibitors, induce the duplication 
of centrosomes and DNA during S phase, and induce mitosis. There are cyclins 
associated with G1  (cyclin D), S phase (cyclins E and A), and mitosis (cyclins B 
and A). Importantly, the mitotic cyclins are destroyed by ubiquitin-mediated 
proteolysis (Glotzer et al., 1991; Hershko et al., 1991), which provides 
directionality and makes cell cycle progression irreversible. The cell cycle can be 
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viewed as consisting of three parts: A cell cycle engine, which produces regular 
fluctuations in the levels of cyclins and the activity of associated Cdks; the 
downstream events the engine drives; and signalling pathways that regulate the 
engine in response to events outside and inside cells, such as the various 
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Figure 1: Diagram of the eukaryotic cell cycle. 
Arrow lengths reflect the relative duration of each phase of the cell cycle. Checkpoints operating 
at different stages are indicated (adapted from Cell Biology, Pollard and Earnshaw). 
The goal of most cell cycles is to produce two daughter cells that are 
identical genetic copies of the mother cell. Signalling networks, referred to as 
checkpoints (Fig. 1), monitor the execution of key events and delay cell cycle 
progression until these events are completed faithfully. 
In interphase, the DNA damage and DNA replication checkpoints give the 
cell time to repair DNA damage and to fully complete DNA replication, 
respectively, before entering mitosis (Painter and Young, 1980; Weinert and 
Hartwell, 1988). 
The spindle assembly checkpoint delays anaphase onset if chromosomes 
are incorrectly attached to the spindle microtubules (Sluder, 1979; Sluder and 
Begg, 1983; Rieder et al., 1995). This serves the prevention of chromosome mis-
segregation, which would generate daughter cells with an abnormal number of 
chromosomes. This genetic imbalance is referred to as aneuploidy and is 
frequently observed in malignant cells. It may therefore contribute to malignant 
transfomation and tumour progression (Mitelman, 1994; Lengauer et al., 1997). 
3. Mitosis 
The most dramatic morphological changes during the cell cycle occur when the 
cell segregates its duplicated genome and divides into two daughter cells. The 
process was first described in the late 1 9t century, when it was studied using 
basic light microscopy (Flemming, 1882). Based upon these early observations, 
mitosis was divided into six stages (Fig 2): prophase, prometaphase, metaphase, 
anaphase, telophase, and cytokinesis. 
In prophase, the replicated chromatin starts to condense in a process that 
ultimately results in the formation of clearly defined mitotic chromosomes 
consisting of paired sister chromatids. The centrosome, the major microtubule-
organizing centre in animal somatic cells, was duplicated in S phase, and the 
daughter centrosomes now start moving apart to opposite sides of the cell. 
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The transition from prophase to prometaphase is marked by the 
breakdown of the nuclear envelope, a double lipid bi-layer with an associated 
proteinacious lamina, which encloses the nuclear compartment. The condensed 
chromosomes are now exposed to the cytoplasm, in which the mitotic spindle 
apparatus has begun to form. Microtubules emanating from the two spindle 
poles, formed by the separated centrosomes, attach to a specialized structure on 
each sister chromatid, called the kinetochore. Through dynamic interactions with 
spindle microtubules, the chromosomes gradually congress to the spindle 
equator. Chromosomes that have aligned on the spindle equator are said to have 
achieved a metaphase plate. 
The alignment is complete at metaphase, when every chromosome is 
attached to the mitotic spindle such that sister chromatids are connected to 
opposite poles, a state referred to as bi-orientation. 
In anaphase A, sister chromatids separate and move towards opposite 
poles. The spindle elongates in anaphase B and the distance between the poles 
increases. The nuclear envelope begins to coat the chromosomes during 
telophase. Once this is complete, the chromosomes decondense to become the 
daughter nuclei. A cleavage furrow forms between the nuclei and ingresses 
towards the interpolar microtubules of the central spindle. 
In cytokinesis, the contraction of the cleavage furrow reduces the 
cytoplasm between the two daughter cells to a thin intercellular bridge containing 
a dense array of microtubules, called the midbody. This structure eventually 









Figure 2: Mitotic stages. 
The main morphological changes involving microtubules (green) and chromosomes (blue) are 
shown. 
4. The mitotic apparatus 
4.1 Mitotic chromosome formation and non-histone proteins 
In eukaryotes, the first level of chromosomal DNA compaction is mediated by a 
set of four basic proteins, called histones (H2A, H2B, H3, H4), which form an 
octameric complex around which the DNA is wound in a helical path (Luger et al., 
1997). The resulting nucleosome core particles are further packaged into a 30-
nm fibre structure with the help of an additional type of linker histone (Hi). In 
mitosis, chromosomes are further compacted into rod-shaped structures, which 
are ultimately resolved into two sister chromatids. In higher eukaryotes, sister 
chromatid arms disjoin in prophase, so that the primary constriction (centromere) 
remains the only point of contact between sister chromatids until anaphase 
onset. 
Biochemical analysis of mitotic chromosomes isolated from tissue culture 
cells showed that they are composed (on a weight basis) of roughly one-third 
DNA, one-third histone and one-third non-histone proteins (Wray and 
Stubblefield, 1970; Blumenthal et al., 1979). Under conditions that removed most 
of the histones, for example treatment with high salt or certain detergents, a 
subset of non-histone proteins remained insoluble (Adolph et al., 1977a; Adolph 
et al., 1977b; Mirkovitch et al., 1988). Surprisingly, when this insoluble residue 
was examined by electron microscopy (Paulson and Laemmli, 1977), it retained 
the characteristic shape of the metaphase chromosome (Fig. 3). This suggested 
that non-histone proteins organized the higher-order structure of mitotic 
chromosomes beyond the 30-nm fibre, and a model was proposed in which they 
were attributed a scaffolding function (Laemmli et al., 1978). Subsequently, two 
major components of the chromosome scaffold (histone-depleted) fraction were 
identified as topoisomerase II (Earnshaw et al., 1985; Gasser et al., 1986) and 
SMC2 (Saitoh et al., 1994). In agreement with their proposed scaffolding role, 
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immunolocalization studies have shown that both proteins are concentrated in a 
central core region along the chromosome axis (Earnshaw and Heck, 1985; Ono 
et al., 2003; Maeshima and Laemmli, 2003). 
Figure 3: Chromosome scaffold with 
associated DNA loops. 
Electron micrograph of a metaphase 
chromosome stripped of histones and 
most non-histone proteins. The 
insoluble residue retains the shape of 
the metaphase chromosome, from 
which the DNA emanates in loops 
(from Paulson and Laemmli, 1977). 
Although the role of topoisomerase II remains unclear, several studies 
have suggested that it is involved in mitotic chromosome formation (Uemura et 
al., 1987; Adachi et al., 1991; Hirano and Mitchison, 1991; Chang et al., 2003). It 
has been proposed topoisomerase II enzymatic activity contributes to the 
resolution of sister chromatids by decatenating DNA strands (Koshland and 
Strunnikov, 1996; Holmes and Cozzarelli, 2000; Coelho et al., 2003). 
Proteins of the conserved structural maintenance of chromosomes (SMC) 
family are now recognized to be involved in many different aspects of 
chromosome biology, including sister-chromatid cohesion, mitotic chromosome 
formation, DNA recombination and repair, and gene-dosage compensation 
(Jessberger, 2002). SMC2 is a subunit of the pentameric condensin complex, 
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which was shown to be essential for chromosome condensation in vitro using 
mitotic Xenopus egg extracts (Hirano and Mitchison, 1994; Hirano et al., 1997). 
The ability of purified condensin to introduce supercoils into circular DNA in vitro 
was proposed to represent the mechanism by which chromatin is compacted in 
mitosis (Kimura and Hirano, 1997; Kimura et al., 1999a). However, subsequent 
studies of condensin function in C. elegans (Hagstrom et al., 2002), Drosophila 
(Steffensen et al., 2001; Coehlo et al., 2003), and chicken DT40 cells (Hudson et 
al., 2003) demonstrated that condensin has only a limited role in the formation of 
the canonical condensed mitotic chromosome morphology in vivo. This was most 
clearly shown in the chicken DT40 SMC2 knockout cell line, where chromosomes 
depleted of condensin achieved near-normal levels of compaction (Hudson et al., 
2003; see chapter IV.2.1 of this thesis). Interestingly, although condensin-
depleted chromosomes did condense, their higher-order structure appeared to 
be severely compromised: Topoisomerase II was homogenously distributed 
throughout the chromosomes, rather than being concentrated along an axial core 
(Hudson et al., 2003). Other non-histone proteins were also mis-localized. These 
include the chromosomal passenger INCENP and the chromokinesin KIF4, which 
in metaphase displays axial staining similar to topoisomerase II (Mazumdar et al., 
2004). Importantly, condensin-depleted chromosomes were found to be highly 
fragile both in vivo and in vitro (Hudson et al., 2003). Based on these results, 
condensin was proposed to organize the higher-order structure of mitotic 
chromosomes in a way that confers structural integrity and ensures the proper 
localization of other non-histone proteins with essential functions during mitosis 
(Hudson et al., 2003; Gassmann et al., 2004). It now appears likely that 
additional unknown factors contribute to the formation of mitotic chromosomes. 
The original scaffold/loop model (Laemmli et al., 1978) postulates that 
chromatin folding above the level of the 30-nm fibre is directed by a network of 
non-histone scaffold components, which interact with specific DNA sequences 
(scaffold/matrix associated Legions or SAR/MAR DNA; Hart and Laemmli, 1998). 
However, alternative models of mitotic chromosome formation, based on 
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evidence for hierarchical folding of chromatin fibres, have also been proposed 
(Sedat and Manuelidis, 1978; Belmont and Bruce, 1994). Therefore, although the 
importance of non-histone proteins in the formation of mitotic chromosomes is 
now well documented, the nature of the higher-order structure and the 
mechanisms of its establishment remain elusive. 
4.2 Centromeres and kinetochores 
The centromere comprises the primary constriction that can be seen on mitotic 
metaphase chromosomes. This chromosomal region is of paramount importance 
for chromosome segregation: It mediates sister-chromatid cohesion and 
separation; it is the site where the microtubules of the mitotic spindle interact with 
chromosomes; it harbours components of the spindle assembly checkpoint, 
which monitor microtubule attachment; and it contains the motors that participate 
in chromosome movement during anaphase. 
The centromeric DNA in humans consists of tandem arrays of repetitive 
DNA in the mega-base range (Tyler-Smith and Floridia, 2000). The 
heterochromatic nature of centromeric chromatin is indicated by the presence of 
proteins encoded by some suppressors of position effect variegation, human 
homologues of which include the HP1 proteins (Hayakawa et al., 2003) and 
SUV39H1 (Aagaard et al., 2000). 
Microtubules attach to a proteinaceous structure, called the kinetochore, 
which is located on the surface of the centromere region. Ultrastructural studies 
of mammalian kinetochores by electron microscopy revealed a trilaminar 
organization (Jokelainen, 1967; Comings and Okada, 1971) in which two 
electron-dense plates appose an electron-lucent middle plate (Fig 4). The inner 
kinetochore plate is in close proximity to the underlying heterochromatin and 
















Nucleosomes in this region contain the centromere-specific histone H3 variant 
CENP-A. By metaphase, each human kinetochore captures about 20 
microtubules, which become imbedded in the outer plate. In kinetochores free of 
microtubules, a fourth layer can be observed. This is termed the fibrous corona 
(Ris and Witt, 1981). 
Figure 4: Kinetochore structure. 
(A) Drawing illustrating the three-layered structure of kinetochores. (B) Electron micrograph of a 
kinetochore with attached microtubules. (C) In a kinetochore lacking microtubules, it is possible to 
see the fibrous corona (adapted from Cell Biology, Pollard and Earnshaw). 
A number of proteins with important functions during mitosis interact with the 
centromere/kinetochore in a transient fashion: The proteins of the Mad and Bub 
families, which are involved in the spindle assembly checkpoint, localize to 
kinetochores until chromosomes exhibit a bipolar attachment to the mitotic 




































aurora-B, and survivin accumulate at the inner centromere from prophase to 
metaphase, before transferring to the spindle midzone at anaphase (Adams et 
al., 2001). An example of a motor protein at the kinetochore is CENP-E, a 
member of the kinesin superfamily, which localizes to the kinetochore outer plate 
and the fibrous corona. It is required for chromosome congression to the spindle 
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Figure 5: Proteins of the centromeric heterochromatin and the kinetochore. 
Based on the localization within the centromere, a protein can be assigned to one of several 
functional groups (adapted from Maiato et al., 2004). 
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Other proteins are present at centromeres during all stages of the cell cycle. The 
first of these constitutive centromere proteins (CENPs) were identified using sera 
from patients with an autoimmune disorder known by the acronym CREST 
(Calcinosis, Baynauds phenomenon, Esophegeal dysmotility, Sclerodactyly, 
lelangiectasia). The three major antigens recognized by the autoantibodies were 
designated CENP-A, CENP-B, and CENP-C (Earnshaw and Rothfield, 1985). In 
recent years, the list of known centromere/kinetochore components with different 
functions has grown rapidly (Fig 5). 
4.3 The mitotic spindle 
Microtubule filaments are cylindrical structures with a diameter of about 25 nm. 
They consist of thirteen linear protofilaments, which are assembled from a- and 
p-tubulin heterodimer subunits. Both a- and 3-tubulin bind GTP, but only 1-
tubulin has GTPase activity, which is stimulated upon incorporation of the 
heterodimer into the microtubule ends. Microtubules exhibit polarity, and the two 
ends of the filaments, denoted plus and minus, have different association and 
dissociation rates for tubulin heterodimers (the faster growing end is defined as 
the plus end). Importantly, these rates are highly dependent on the nature of the 
guanine nucleotide (GTP or GDP) on 13-tubulin. As a result, a population of 
microtubules is dynamic, with some microtubules growing while others are 
shrinking. This behaviour is referred to as dynamic instability. Transitions from 
growth to shrinkage are called catastrophes, while transitions from shrinkage to 
growth are rescue events. Throughout the cell cycle, the dynamic properties of 
microtubules are regulated by rnJcrotubule-associated proteins (MAPs). These 
proteins can have microtubule-stabilizing activities, as exemplified by 
XMAP21 5/TOG (Kinoshita et al., 2002). Alternatively, proteins such as the Kin I 
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kinesin MCAK (Newton et al., 2004) or 0p18 (Belmont and Mitchison, 1996) 
induce microtubule catastrophe. 
The interphase array of microtubules is disassembled before prophase 
and replaced by a more dynamic structure, called the mitotic spindle. In most 
animal cells, spindle microtubules are focused at the two centrosomes. 
Microtubules are nucleated from the centrosomes in a polar manner: the minus 
ends always face the centrosome, while the plus ends probe the cytoplasm. The 
general increase in the turnover of microtubules at G2/M is thought to represent a 
shift in the balance between microtubule stabilizers and destabilizers, such as 
those mentioned above. 
There are three classes of spindle microtubules (Fig. 6): Astral 
microtubules project away from the cell centre, and their plus ends make contact 
with the cell cortex. They are involved in spindle pole separation, positioning of 
the mitotic spindle, and positioning and formation of the cleavage furrow. 
Interpolar microtubules grow towards the cell centre and interdigitate at the 
spindle equator. The resulting anti-parallel arrays stabilize the spindle and 
participate in the movement that separates the spindle poles in anaphase B. 
Furthermore, these microtubules form the central spindle in anaphase, which is 
instrumental in cleavage furrow ingression and subsequent cytokinesis. 
Kinetochore microtubules direct the movement of chromosomes to the spindle 
equator and later that of the separated sister chromatids to opposite poles. 
Microtubules attached to a kinetochore are collectively referred to as a 
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Figure 6: Different types of mitotic spindle microtubules. 
The faster growing plus ends (+) face away from centrosomes, where the minus ends (-) remain 
anchored. 
4.4 Types of kinetochore-microtubule attachments 
After nuclear envelope breakdown, sister kinetochores are free to engage the 
microtubules of the mitotic spindle. When one kinetochore first captures 
microtubules from one spindle pole, the chromosome becomes mono-oriented, a 
state also referred to as monotelic attachment (Fig. 7). When its sister 
kinetochore captures microtubules from the opposite pole, the now bi-oriented 
chromosome (amphitelic attachment) moves to the spindle equator. In the 
stochastic process of 'search and capture' by microtubules, two types of mis-
attachments occur: Chromosomes can have both kinetochores attached to 
microtubules from the same spindle pole (syntelic attachment), or one 
kinetochore can be attached to microtubules from opposite spindle poles 
18 
(merotelic attachment). Mitotic cells possess mechanisms to sense and correct 
such errors. Unattached or syntelicaly attached kinetochores are thought to 
activate the spindle checkpoint, which delays anaphase until the attachment is 
amphitelic. In contrast, merotelic attachments are probably not detected by this 
checkpoint, since such kinetochores are both attached and under tension (Cimini 
et al., 2001). Nevertheless, this type of mis-attachment appears to be corrected 




Figure 7: Types of microtubule-kinetochore attachments. 
The two sister kinetochores (red and yellow) interact differentially with spindle microtubules 
(green) in prometaphase, the aim of which is amphitelic attachment by metaphase. 
4.5 Centrosomes 
The centrosome is the major microtubule-organizing centre in animal cells. In 
electron microscopic images, it appears as a focus of electron dense material, 
consisting of two centrioles, surrounded by a region of lower phase density, 
called the pericentriolar material (Vorobjev and Chentsov, 1980). The 
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centrosome grows and replicates once in the cell cycle, so that each daughter 
cell inherits one complete centrosome as result of its association with the mitotic 
spindle (Piel et al., 2001). 
In late G1, the two parental centrioles, each consisting of a circular 
arrangement of nine triplets of microtubules, start to separate. During S phase, 
daughter centrioles grow perpendicularly to the parental centrioles, and splitting 
of the centrosome occurs in G2 (Aubin et al., 1980). At the G2/M transition, protein 
kinases, such as polo-like kinase 1, aurora-A, and Cdkl, induce centrosome 
maturation and separation (Sunkel and Glover, 1988; Glover et al., 1995). 
Microtubule nucleation occurs in the pericentriolar material and requires a 
ring-shaped multiprotein complex containing 'y-tubulin, called the yTuRC (Zheng 
et al., 1995). Centrosome maturation is characterized by the recruitment of 
proteins with microtubule nucleation potential to centrioles and the pericentriolar 
material. 
5. Cytokinesis 
Cytokinesis is the spatially regulated process at the end of mitosis through which 
the cellular constituents of the mother cell are partitioned into the two daughter 
cells (Fig. 8). In eukaryotes, it is carried out by the coordinated action of a cortical 
actomyosin contractile ring and targeted membrane deposition. The cell division 
plane is usually positioned so that cytokinesis occurs midway between the two 
newly forming nuclei, and the mechanism for site determination is highly species-
specific. In animal cells, the process begins at anaphase onset and involves both 
astral microtubules and microtubules of the central spindle. Astral microtubules 
have been proposed for some time to provide a positive signal for furrow 
positioning and induction (Rappaport, 1961; Eckley et al., 1997; Rieder et al., 
1997; Savoian et al., 1999). A recent study showed that furrow formation always 
occurred on the side of monopolar spindles that contained the chromosomes 
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(Canman et al., 2003). Therefore, the symmetry provided by a bipolar spindle is 
dispensable for furrow positioning. A subset of astral microtubules were observed 
which stably contacted the cell cortex in the locally restricted region where furrow 
formation subsequently occurred (Canman et al., 2003). Intriguingly, the selective 
stabilization of these microtubules appeared to be the result of their close 
proximity to mitotic chromosomes. 
Alternatively, astral microtubules may provide an inhibitory signal, which 
reduces cortical contractability on the polar side of the cell (Wolpert, 1960). In C. 
elegans, furrow formation has been reported to occur in the vicinity of a local 
minimum of microtubule density (Decant and Glotzer, 2003). 
The microtubules of the central spindle have also been implicated in 
furrow formation. When a blunt needle was used to create a barrier between the 
midzone and cortex in cultured epithelian cells, furrow formation only occurred on 
the side of the cortex facing the spindle (Cao and Wang, 1996). In Drosophila, 
mutations that block central spindle assembly interfere with furrow formation 
(Adams et al., 1998; Giansanti et al., 1998), and a recent study suggested a 
sequential mode of action involving two sets of microtubules: Peripheral astral 
microtubules, which position and initiate the cleavage, and central spindle 
microtubules, which propagate furrow ingression (Inoue et al., 2004). In some 
cases, central spindle microtubule bundles are sufficient to induce furrows in the 
absence of chromosomes and a bipolar spindle (Alsop and Zhang, 2003). 
The formation of the central spindle is mediated by various microtubule 
associated proteins, including PRC1 (Jiang et al., 1998; Kurasawa et al., 2004), 
MAST/ORBT (Inoue et al., 2004), the kinesins MKLP1 (Nislow et al., 1992), 
MKLP2 (Neef et al., 2003) and KIF4 (Sekine et al., 1994; Kurasawa et al., 2004), 
and MgcRacGAP, which contains a domain with homology to Rho family GAPs 
(Van de Putte et al., 2001; Mishima et al., 2002). The events of cytokinesis are 
regulated by phosphorylation: polo-like kinase 1, aurora-B, and Cdc14 are 
essential regulatory factors, whose presence at the central spindle is essential for 
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cytokinesis. MKLP2 has a central role in the correct localization of these three 
proteins (Neef et al., 2003; Gruneberg et al., 2004). 
The assembly and contractility of the cortical actomyosin-based ring 
depends on the small GTPase RhoA (Drechsel et al., 1997; Jantsch-Plunger et 
al., 2000), which is activated by its guanine exchange factor (GEF), ECT2 
(Mishima et al., 2002; Matulienne and Kariyama, 2002; Tatsumoto et al., 1999). 
A recent study demonstrated that aurora-B phosphorylates MgcRacGAP, which 
converts it to a GTPase activating protein (GAP) for RhoA. This conversion is 
required for successful cytokinesis (Minoshima et al., 2003). As telophase 
progresses, the central spindle microtubules compact to form the midbody. The 
cleavage furrow ingresses until the contractile ring contacts the midbody 
microtubules. Finally, the contractile ring is disassembled and two opposing cell 
surfaces are generated by transport and fusion of golgi-derived membrane 
vesicles (Skop et al., 2004). 
myosin II 
myosin essential light chain 







Figure 8: Proteins involved in cytokinesis. 
Proteins are grouped according to their localization at the central spindle (overlapping 
microtubules in green) and the cell cortex, where the contractile ring assembles (red). 
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6. Regulation of mitosis 
The structural rearrangements in mitosis reflect the differential activity of cell-
cycle regulators, at the heart of which are mitotic kinases. In preparation for 
mitosis, cyclin A-Cdk activity increases during G2, peaking around the time of 
nuclear envelope breakdown, whereas cyclin B-Cdkl remains inactive in the 
cytoplasm. Other kinases are also important at this time, including the polo-like 
kinases (do Carmo Avides et al., 2001), which promote the maturation of spindle 
poles during late G2 and activate Cdc25 phosphatase, which in turn activates 
cyclin B-Cdkl. Aurora-B kinase accumulates in the nucleus at G2 and 
phosphorylates histone H3 at serine 10 (Hsu et al., 2000), which coincides with 
the onset of chromosome condensation. 
Rapid activation of cyclin B-Cdkl in late prophase, concurrent with its 
rapid nuclear accumulation, commits the cell to mitosis. After nuclear envelope 
breakdown, mediated at least in part by Cdkl phosphorylation of the nuclear 
lamina (Gerace and Blobel, 1980), the microtubules of the forming mitotic spindle 
find themselves in close proximity to the condensed chromosomes. Spindle 
assembly is in part dependent on the activation of aurora-A kinase, which 
regulates factors involved in microtubule dynamics. Recent studies have 
uncovered an important role for the small GTPase Ran in the activation of 
aurora-A. Chromosomes establish a Ran-GTP gradient near chromosomes, 
where RCC1, the guanine nucleotide exchange factor for Ran, is bound (Carazo-
Salas et al., 1999; Kalab et al., 2002). Ran-GTP facilitates the release of spindle 
assembly factors from the inhibitory interaction with the nuclear import factors 
importin a and 3 (Askjaer et al., 2002). One of the released factors is TPX2, 
which is required for the activation of aurora-A (Tsai et al., 2003; Trieselmann et 
al., 2003; Schatz et al., 2003). 
Capture of microtubules at kinetochores begins at prometaphase and 
chromosomes gradually congress to the spindle equator. Aurora-B plays a 
central role in this process (see chapter 111.7.2). Once all chromosomes have 
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achieved bipolar attachment, anaphase is initiated by theanaphase-Promoting 
complex (APC), a large ubiquitin-ligase complex that functions specifically during 
mitosis and G1 and is activated by cyclin B-Cdkl (King et al., 1995). Together 
with the cofactor Cdc20, the APC targets for destruction cyclin B and securin, the 
inhibitor of the protease separase (Zou et al., 1999). Activated separase then 
cleaves a subunit (Sccl) of the complex maintaining chromosome cohesion, 
which causes the sister chromatids to disjoin (Ciosk et al., 1998; Uhlmann et al., 
1999). Importantly, unattached or improperly attached kinetochores generate a 
signal transduction cascade that is mediated in part by BubRi, Mad2, and other 
proteins that accumulate at such kinetochores (Chen et al., 1996; Chan et al., 
1999). The target of this checkpoint is Cdc20, which is prevented from 
functionally interacting with the APC. This delays anaphase onset and mitotic exit 
by preventing the destruction of securin and cyclin B, so that the attachment 
errors have time to be corrected in a process involving aurora-B. In contrast, 
cyclin A destruction mediated by APC-Cdc20 is not affected by an active spindle 
checkpoint (Sudakin et al., 1995). 
After the degradation of cyclin B, a nuclear envelope is re-assembled 
around the segregated chromatin, the microtubule-based midbody is formed, and 
cytokinesis is initiated. Cdc20 is destroyed and replaced by Cdhl, which expands 
the range of substrates recognized by the APC (Visintin et al., 1997). One of the 
proteins that now becomes a substrate of the APC is Cdc20 itself, resulting in a 
switch from APC-Cdc20 to APC-Cdhl mediated proteolysis. Other mitotic 
regulators targeted for destruction by the Cdhl form of the APC are aurora-A and 
PIki. APC-Cdhl presumably coordinates late mitotic events and remains active 
throughout G1 until Cdhl is phosphorylated and inactivated by kinases that are 
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7. Chromosomal passenger proteins 
Chromosomal passenger proteins are defined by their dynamic localization 
during mitosis: They accumulate in the nucleus in G2, associate with 
chromosome arms and inner centromeres during prophase, and concentrate at 
inner centromeres from prometaphase to metaphase. At anaphase onset, they 
transfer to the central spindle and the cell cortex at the site of cleavage furrow 
formation. They remain at the midbody from telophase until the completion of 
cytokinesis (Fig. 9). Based on their localization, chromosomal passengers were 
originally proposed to coordinate chromosomal and cytoskeletal functions 
(Earnshaw and Bernat, 1991). Subsequent studies have reinforced this view and 
have uncovered essential functions of this group of proteins in the regulation of 
the mitotic apparatus. Prior to the work presented in this thesis, five bona fide 
chromosomal passengers had been described: INCENP, aurora-B kinase, 
survivin, CSC-1, and TD-60. 
anaphase 
	
telophase 	 cytokinesis 
Figure 9: The dynamic localization pattern of chromosomal passengers In mitosis. 
This group of proteins (red) re-localizes from centromeres to the spindle midzone in anaphase. 
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7.1 INCENP 
INCENP (Inner  centromere protein) was discovered in a monoclonal antibody 
screen for novel components of the mitotic chromosome scaffold (Cooke et al., 
1987). Cloning of two chicken isoforms (135/155 kDa) revealed that the protein 
lacked known motifs except for a predicted coiled-coil region (Mackay et al., 
1993). Since then, homologues of INCENP have been found in all eukaryotes 
from yeast to human. The signature motif of the INCENP family is a stretch of 60-
80 amino acids close to the C-terminus, termed IN box (Adams et al., 2000). 
Aurora-13 binding to INCENP is mediated by the IN box, which leads to the 
phosphorylation of INCENP within this region (Bishop and Schumacher, 2002; 
Honda et al., 2003). This is part of a positive feedback loop, which further 
stimulates the kinase activity of aurora-B. In budding yeast, dephosphorylation of 
S1i15/INCENP by Cdcl4 is necessary and sufficient for its transfer to the spindle 
midzone at anaphase (Pereira and Schiebel, 2003). 
INCENP has been shown to be essential in mouse, yeasts, C. elegans, 
Drosophila, and humans (Culls et at., 1999; Kim et al, 1999; Kaitna et at., 2000; 
Adams et at., 2001; Honda et al., 2003). The most prominent phenotypes 
observed upon interference with INCENP function are defects in chromosome 
congression to the spindle equator and failure of cytokinesis. 
Deletion analysis of chicken INCENP identified an N-terminal region 
sufficient for centromere and spindle midzone targeting (amino acids 1-68). 
Further mapping of this region defined a 13 amino-acid motif essential for 
centromere targeting and an 11 amino-acid motif essential for spindle midzone 
targeting (Ainsztein et al., 1998). 
Chicken INCENP interacts with the heterochromatin protein HP1 
(Ainsztein et at., 1998), and, when over-expressed in tissue culture cells, co-
localizes with cytoplasmic microtubules (Mackay et al., 1993). In vitro assays 




Aurora-B is a member of a conserved serine/threonine kinase family. The first 
aurora kinase was discovered in Drosophila, where it localized to spindle poles 
(Glover et al., 1995; now known as aurora-A). Mammalian cells have three 
aurora kinases, designated aurora-A, B, and C, whereas Drosophila, Xenopus, 
and C. elegans have two (corresponding to aurora-A and B), and yeasts have 
one (called ARK1 in fission yeast and Ipil in budding yeast). The sequences of 
the three mammalian aurora kinases are highly homologous within the C-terminal 
catalytic domain (71 % identity between human aurora-A and B), but less so in 
the N-terminus, which also differs in length. 
Aurora-A is localized to centrosomes from the time of centrosome 
duplication to the end of mitosis, and is also present on the asters of mitotic 
centrosomes. It is involved in centrosome maturation (Giet et al., 2002) and 
spindle assembly (Tsai et al., 2003). A recent study suggested that aurora-A 
phosphorylates CENP-A at serine 7 in prophase, which was found to be required 
for subsequent concentration of aurora-B at inner centromeres (Kunitoku et al., 
2003). 
Aurora-C was first described as a spindle pole-associated protein in 
meiotic tissues (Tseng et al., 1998; Kimura et al., 1999b), but a recent study 
described the protein as a chromosomal passenger (Li et al., 2004). However, its 
function remains to be determined. 
Mammalian aurora-B (39 kDa) was isolated in a screen for novel kinases 
that caused growth arrest when over-expressed in budding yeast (Terada et al., 
1998). A study of aurora-B dynamics in living mammalian cells revealed a rapid 
exchange between a centromeric and a cytoplasmic pool before anaphase onset, 
followed by a marked decrease in aurora-B mobility at the spindle midzone 
during anaphase (Murata-Hori and Wang, 2002). The cytoplasmic pool of aurora-
B appeared to be preferentially transported along astral microtubules to the cell 
cortex. It was proposed that aurora-B is involved in cytokinesis signalling via two 
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mechanisms: one involving cytoplasmic aurora-B and astral microtubules, the 
other involving centromeric aurora-B after its re-localization to the microtubules of 
the central spindle (Murata-Hori and Wang, 2002). 
Functional analysis has shown that aurora-B is essential for the 
completion of cytokinesis (Terada et at., 1998; Adams et al., 2001b; Giet and 
Glover, 2001; Severson et al., 2000). Among the aurora-B substrates at the 
cleavage furrow are myosin II regulatory light chain (Murata-Hori et al., 2000), 
and the intermediate filament proteins vimentin (Goto et al., 2003), desmin, and 
GFAP (Kawajiri et al., 2003). Over-expression of a non-phosphorylatable 
vimentin mutant was found to cause multinucleation (Yasui et al., 2004). Aurora-
B also phosphorylates MgcRacGAP, another essential component of the 
cleavage furrow, which forms a complex called centralspindlin with MKLP1 
(Tatsumoto et at., 1999; Saito et al., 2003; Van de Putte et al., 2001; Minoshima 
et al., 2003). Aurora-B phosphorylates MgcRacGAP, and this modification is 
functionally significant, as cells over-expressing a non-phosphorylatable form of 
MgcRacGAP failed cytokinesis (Minoshima et al., 2003). 
Defects in chromosome congression to the metaphase plate have been 
observed after disrupting aurora-B function by RNA interference (Adams et al., 
2001; Hauf et al., 2003; Honda et al., 2003), antibody microinjection (Kallio et al., 
2002), treatment with small molecule inhibitors (Hauf et at., 2003; Ditchfield et al., 
2003), or expression of dominant-negative mutants (Murata-Hori and Wang, 
2002a; Honda et al., 2003). This suggested that aurora-B is has a role in 
chromosome bi-orientation. A possible mechanistic explanation came from a 
study that implicated budding yeast Ipli/aurora in the correction of kinetochore-
microtubule mis-attachments (Tanaka et al., 2002). More recently, it was shown 
that IpIl recognises incorrect attachments that cause a lack of tension and 
reverses microtubule-kinetochore attachments until the bi-oriented state is 
achieved (Dewar et at., 2004). It was speculated that once sister kinetochores 
are stretched apart by spindle tension, the kinase becomes physically separated 
from targets involved in microtubule attachment. Several kinetochore substrates 
of Ipli have been identified in budding yeast: NdclO (Biggins et at., 1999), 
S1i15/INCENP, Dami complex members (Kang et at., 2001), Ndc80 (Cheeseman 
et al., 2002), and Cse4/CENP-A (Stoler et at., 1995). 
Among the aurora-B substrates at mammalian kinetochores is the mitotic 
centromere associated kinesin (MCAK), a Kinl kinesin that promotes microtubule 
disassembly (Ohi et al., 2003). It associates with the recently identified 
stimulatory factor [CIS (Inner  centromere Kin I stimulator), which is also 
phosphorylated by aurora-B. Treatment of mammalian cells with the aurora-B 
inhibitor hesperadin resulted in an elevated frequency of monotelic and syntelic 
microtubule-kinetochore attachments (Hauf et al., 2003). A similar phenotype 
was observed after over-expression of MCAK mutants mimicking 
phosphorylation or lacking aurora-B phosphorylation sites (Andrews et at., 2004). 
Interestingly, aurora-B phosphorylation inhibits the microtubule depolymerisation 
activity of MCAK in vitro. These results suggest that there is a direct link between 
microtubule depolymerisation mediated by MCAK and aurora-13 activity in vivo 
(Andrews et at., 2004; Lan et al., 2004). Although the underlying mechanism 
remains to be determined, the functional interaction between MCAK and aurora-
B is likely to be important for the correction of mal-oriented kinetochores. 
MCAK depletion has a less severe effect on chromosome congression 
than inhibition of aurora-B function, reflecting the fact that aurora-13 has other 
important targets at centromeres. Over-expression of an aurora-B kinase-dead 
mutant (K106R) in rat kidney cells resulted in the disruption of microtubule-
kinetochore attachments and loss of the motor proteins dynein and CENP-E from 
kinetochores (Murata-Hori and Wang, 2002b). CENP-A, the centromere-specific 
histone-H3 variant that is thought to be crucial for kinetochore assembly and 
function, is also phosphorylated by aurora-B (Zeitlin et at., 2001; Kunitoku et at., 
2003). Over-expression of a CENP-A mutant (S7A) that cannot be 
phosphorylated by either aurora-A or aurora-B caused a delay in chromosome 
congression (Kunitoku et al., 2003). 
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Interference with aurora-B kinase activity using inhibitors ZM447439 and 
hesperadin rendered the cells unable to arrest in prometaphase after treatment 
with taxol or monastrol. Inactive aurora-B appears to prevent BubRi from 
properly localising at kinetochores that are not under tension, which 
compromises the functions of the spindle assembly checkpoint (Hauf et al., 2003; 
Ditchfield et al., 2003). These results are in agreement with the requirement of 
budding yeast Ipli for checkpoint signalling in the absence of tension (Biggins 
and Murray, 2001). 
In prophase, aurora-B is responsible for the phosphorylation of histone H3 
at serine 10. The appearance of this modification coincides with the onset of 
chromosome condensation (Gurley et al., 1978). When aurora-B kinase activity is 
disrupted, histone H3 phosphorylation at serine 10 is greatly diminished (Adams 
et al., 2001; Giet and Glover, 2001; Hauf et al., 2003; Ditchfield et al., 2003; 
Kunitoku et al., 2003; Honda et al., 2003). The modification is conserved from 
yeast to vertebrates, yet its biological significance remains unclear. A role for 
aurora-B in chromosome condensation and cohesion has been reported, but the 
issue is controversial (Giet and Glover, 2001; Morishita et al., 2001; Leverson et 
al., 2002; Losada et al., 2002; Rogers et al., 2002; Petersen and Hagan, 2003). 
The growing list of aurora-B substrates has allowed the identification of a 
consensus phosphorylation site in budding yeast (RIK,X,T/S,l/LN; Cheeseman et 
al., 2002). A similar consensus sequence has been suggested for higher 
eukaryotes, in which the phospho-receptor residue is preceded by two basic 
amino acids (Honda et al., 2003). 
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7.3 Survivin 
Survivin is a member of the inhibitor of apoptosis protein (lAP) family. Its 
members contain baculovirus-IAP repeats (BIR domain), which coordinate Zn 2+ 
and are involved in protein-protein interactions (Ambrosini et al., 1997). The 
human protein (16.5kDa) crystallises as a butterfly-shaped dimer (Verdecia et al., 
2000; Chantalat et at., 2000; Muchmore et at., 2000). Human survivin mRNA is 
expressed during fetal development, is undetectable in terminally differentiated 
adult tissues, and is over-expressed in transformed cell lines and in many 
cancers (Ambrosini et al., 1997). The survivin gene promoter contains G1  
transcriptional repressor elements (Li et al. 1998), which are known to control the 
expression of G2/M-regulated genes. Predictably, survivin protein levels peak in 
mitosis (Li et al., 1998). The protein was initially reported to associate with the 
mitotic spindle throughout mitosis (Li et at., 1998), but subsequent studies in 
vertebrate cells demonstrated that it is a chromosomal passenger protein 
(Skoufias et at., 2000; Uren et al., 2000; Wheatley et al., 2001 a; Carvalho et al., 
2003). The chromosomal passenger localisation was also observed for the 
survivin orthologues in C. elegans (Speliotes et al., 2000) and fission yeast 
(Morishita et al., 2001). The spindle staining reported in some studies is likely to 
be the result of a shared epitope between survivin and a component of the 
mitotic spindle apparatus, since depletion of survivin by RNAi in HeLa cells failed 
to decrease the spindle staining detected by the antibody used in the original 
study (Carvalho et al., 2003). Nevertheless, the issue of localization remains a 
source of controversy in some quarters (Beltrami et al., 2004). 
Survivin is an essential protein, whose primary role appears to be in 
mitosis. Knockdown of C. elegans Bir-1/survivin by RNA interference resulted in 
cell cleavage defects (Fraser et al., 1999), and interference with the function of 
the survivin-like protein Birl in fission and budding yeast caused defects in 
chromosome segregation (Yoon and Carbon, 1999) and spindle elongation (Uren 
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et al., 1999), respectively. In mice, survivin was required for mitosis in early 
development. Null embryos showed disrupted microtubule formation, became 
polyploid, and failed to survive beyond 4.5 days post co/turn (Uren et at., 2000). 
Survivin disruption by over-expression of dominant-negative mutants, antisense 
treatment, or RNA interference resulted in failure of cell cleavage and 
potyploidization (Li et al., 1998; Li et al., 1999; O'Connor et at., 2000; Carvatho et 
al., 2003; Lens et at., 2003; Beltrami et at., 2004). Furthermore, lack of survivin in 
HeLa cells compromised the spindle checkpoint in the presence of drugs that 
stabilize microtubules (Carvalho et al., 2003; Lens et at., 2003). Survivin has 
been reported to enhance aurora-13 kinase activity (Bolton et al., 2002; Leverson 
et al., 2002; Petersen and Hagan, 2003). However, this is uncertain for human 
survivin (Chen et at., 2003; Honda et at., 2003). Human survivin and yeast Bir-1 
are aurora-B substrates in vitro (Leverson et al., 2002; Wheatley et at., 2004). 
There is mounting evidence that survivin is also involved in the regulation 
of programmed cell death, called apoptosis. Over-expression of wild type survivin 
has been well documented to partially inhibit cell death induced by various 
apoptotic stimuli, although less potently than other lAP proteins (Li et al., 1998; 
Mahotka et al., 1999; Mirza et al., 2002; Temme et at., 2003; Song et al., 2004). 
Also, keratinocytes of transgenic mice over-expressing survivin in the skin 
showed decreased levels of apoptosis induced by ultraviolet light (Grossman et 
at., 2001). Conversely, down-regulation of survivin by antisense or RNA 
interference in HeLa cells caused an increased sensitivity to cell death induced 
by several apoptotic stimuli (Jiang et at., 2001; Beltrami et al., 2004). The same 
effect was observed after over-expression of mutant (D53A) survivin (Song et al., 
2004). 
The mechanism through which survivin is inhibiting apoptosis remains 
unclear. A direct inhibition of caspases was described (Tamm et at., 1998; Li et 
al., 1999; O'Connor et al., 2000), but this was later disputed (Verdecia et at., 
2000; Banks et at., 2000; Kasof and Gomes, 2001; Song et at., 2003). 
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Recent findings suggest an indirect inhibition of caspases via the 
interaction of survivin with smac/diablo (Song et at., 2003). Smac/diablo is a 
mitochondrial protein that is released into the cytosol in response to some 
apoptotic stimuli, where it promotes caspase activation by binding and 
neutralising XIAP, c-IAP1 and c-IAP2 (Du et al., 2000; Verhagen et al., 2000; 
Ekert et at., 2001). Competitive binding of survivin to smac/diablo could leave 
other lAP proteins free to interact with caspases, thus preventing apoptosis. In 
support of this model, the survivin mutant D53A, which fails to interact with 
smac/diablo, abolishes the anti-apoptotic activity of survivin (Song et at., 2004). 
7.4 TD-60 
lelophase disk (TD) 60 was first described as a 60-kDa autoantigen exhibiting a 
localization typical for chromosomal passenger proteins (Andreassen et al., 
1991; Martinau-Thuillier et al., 1998). The recent cloning of TD-60 revealed that 
the protein has significant similarity with the guanine exchange factor RCC1 
(Mollinary et at., 2003). Although guanine nucleotide exchange factor activity was 
not demonstrated, TD-60 bound the small GTPase Raci in its nucleotide free 
form. TD-60 is essential for mitotic progression and binds microtubules in vitro. 
RNA interference in HeLa cells caused a mitotic arrest in prometaphase, which 
made it impossible to address putative functions of the protein later in mitosis 
(Mollinari et al., 2003). 
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7.5 CSC-1 
A genetic screen in C. elegans identified a mutation with defects in meiotic and 
mitotic chromosome segregation and cytokinesis (Romano et al., 2003). The 
corresponding protein of 27 kDa, accordingly called chromosome segregation 
and cytokinesis defective-1 (CSC-1), binds to both Bir-1/survivin and ICP-
i/INCENP. Addition of CSC-1 to recombinant aurora-13 failed to affect kinase 
activity. Surprisingly, homologues in other species could not be found, leading to 
the proposal that INCENP function in C. elegans is conferred by two proteins, 
ICP-i and CSC-11 (Romano et al., 2003). 
7.6 The chromosomal passenger complex 
The first evidence for a physical interaction between chromosomal passenger 
proteins was uncovered in budding yeast between Ipli and SIi15 (Kim et al., 
1999), which was only later recognized to be a homologue of vertebrate INCENP 
(Adams et al., 2000). Subsequent studies found the same interaction in C. 
elegans, Xenopus, and mammalian cells (Adams et al., 2000; Kaitna et al., 
2000). Survivin was shown to interact with INCENP and aurora-B in vitro 
(Wheatley et at., 2001a), and a complex containing INCENP, aurora-B, and 
survivin was characterized in Xenopus egg extracts (Bolton et at., 2002). In 
sucrose gradients, the three Xenopus proteins sedimented at 9.5 S in interphase 
and 4.5 5 in mitosis, suggesting that there is a cell-cycle dependent change in 
the composition of the complex. Immunoprecipitation experiments confirmed a 
physical interaction between INCENP, aurora-B, and survivin in both interphase 
and mitotic extracts. Aurora-B binds to the C-terminal region of INCENP, while 
survivin binds to its N-terminal region (Bolton et al., 2000). The ternary complex 
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was also described in budding yeast (Cheeseman et al., 2002). Depletion of any 
of the three subunits of the passenger complex by RNA interference in C. 
elegans (Kaitna et al., 2000), Drosophila (Adams et al., 2001), and HeLa cells 
(Carvalho et al., 2003; Honda et al., 2003; Lens et al., 2003) resulted in the mis-
localization of the others. Interestingly, TD-60 localization is also dependent on 
the correct localization of aurora-B (Mollinari et al., 2003). However, the nature of 
the relationship between TD-60 and the chromosomal passenger complex has 
not been investigated. 
What is the role of INCENP and survivin in the complex? Both proteins 
have been reported to activate aurora-B kinase (Honda et al., 2003; Bolton et al., 
2002). INCENP is phosphorylated by aurora-B, which stimulates kinase activity 
(Bishop and Schumacher, 2002; Honda et al., 2003) and leads to the auto-
phosphorylation of human aurora-B at tyrosine 232 (Yasui et al., 2004). The 
nature of the survivin-dependent stimulation of kinase activity is uncertain. 
Due to the interdependence of the chromosomal passengers for their 
localization, the individual contributions of the subunits to the targeting of the 
complex have been difficult to assess. Recent data, however, has begun to 
unravel some of the requirements for the re-localization of the complex to the 
central spindle. In budding yeast, the dephosphorylation of Slil5 by Cdcl4, which 
is activated by separase, directed the complex to the spindle (Pereira and 
Schiebel, 2004). This mechanism might also be employed by higher eukaryotes, 
as human Cdc14 is able to dephosphorylate INCENP in vitro, and the kinesin 
MKLP2 is required for the targeting of both aurora-B and Cdc14 to the spindle 
midzone (Gruneberg et al., 2004). In vertebrate cells, the transfer of INCENP to 
the spindle midzone has been suggested to require both anaphase onset and 
microtubules (Canman et al., 2002), although earlier detailed studies showed that 
INCENP can transfer to central spindle microtubules during late metaphase 
(Earnshaw and Cooke, 1991). Despite the growing list of centromeric substrates 
of aurora-B, the mechanism that targets the chromosomal passenger complex to 
centromeres remains unknown. 
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Ill. Materials and methods 
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Chemicals and common solutions 
All chemicals are from Sigma, unless otherwise indicated. The CLAP protease 
inhibitor cocktail consists of chymostatin, leupeptin, antipain, and pepstatin A. 
Phosphate-buffered saline (PBS) is 137 mM NaCl, 2.7 mM KCI, 10 mM 
Na2HPO4, and 2 mM KH2PO4. Luria-Bertani medium (LB) is 1 % (w I v) tryptone, 
0.5 % (w I v) yeast extract, 1 % (w I v) NaCl, pH 7.0. 
SDS-PAGE 
Denaturing protein gel electrophoresis was carried out using the Tris-glycine 
buffer system described previously (Laemmli, 1977). Polyacrylamide gels were 
prepared from a 30 % (v / v) acrylamide/bisacrylamide mixture (Severn Biotech). 
The stacking gel contained 8 M urea. Proteins were dissolved in sample buffer 
(150 mM Tris-HCL pH 8.8, 2 mM Na-EDTA, 15 % (w / v) sucrose, 3 % (w / v) 
SDS, 20 mM DTT) by repeated boiling and sonication. After cooling the samples 
to room temperature, iodoacetamide was added to 80 mM, and the reaction was 
allowed to proceed for 2 h at 37 °C before loading. Gels were run in vertical gel 
electrophoresis units (Hoefer Pharmacia Biotech or BioRad) according to the 
manufacturer's instructions. 
lmmunoblotting 
After SDS-PAGE, proteins were transferred to nitrocellulose membranes 
(Amersham Pharmacia) in transfer buffer (25 mM Tris-HCI pH 8.3, 192 mM 
glycine, 20 % (v / v) ethanol) in a electrophoretic transfer cell (Pharmacia or 
Biorad) according to the manufacturer's instructions. The membranes were 
rinsed with dH20, stained with Ponceau S to visualize transferred proteins, and 
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washed again extensively with dH20. Blocking was carried out with 10 % (w I v) 
low fat milk in PBS containing 0.05 % (V I v) Tween-20 for 1 h at room 
temperature, followed by incubation with primary antibodies (Table 1) in 5 % 
milk/PBSfTween-20 for 1 h. After three washes with PBS/Tween-20 for 5 mm 
each, the membranes were incubated as before with the appropriate secondary 
antibodies conjugated to horse radish peroxidase (goat; Immunojackson) for 45 
mm. The membrane was washed again three times with PBS/Tween-20, and 
antibody-labelled proteins were detected by ECL (Amersham Pharmacia). 
4. Indirect immunofluorescence microscopy 
HeLa cells grown on polylysine-coated coverslips were fixed for 5 min with 4 % (v 
/ v) paraformaldehyde (Electron Microscopy Services) in CB buffer (137 mM 
NaCl, 5 mM KCI, 1.1 mM Na2HPO4, 0.4 mM KH2PO4, 2mM MgCl2, 2mM EGTA, 
5.5 mM glucose, 5 mM PIPES, pH 6.1). After permeabilization with 0.15% (v /v) 
Triton X-1 00 in CB, coverslips were incubated with 1 % (w I v) BSA in PBS for 30 
mm. Primary antibodies (Table 1) diluted in BSA/PBS were applied for 30 min at 
37 °C in a humid chamber. Coverslips were washed three times with BSA/PBS 
and incubated with appropriate secondary antibodies coupled to FITC, Texas 
Red, or Cy5 (goat; Immunojackson) at 37 °C. After three washes with BSA/PBS, 
coverslips were mounted onto glass slides using Vectashield (Vector 
Laboratories). DNA was visualized with 0.5 ig / ml DAPI, which was added to the 
mounting medium. Image stacks were captured on an Olympus IX-70 
microscope controlled by Delta Vision SoftWorx (Applied Precision) using a 100 
X objective. After deconvolution, image stacks were quick-projected and saved 
as tiff files. 
M. 
Table 2. Cloning of coding sequences and generation of mutants 
construct coding sequence a vector restriction sites primer pair b 
AG1 borealin 	full length pEGFP-N1 Xho I/ Kpn I 1w ggg gct cga gac oly gc tcct agg aag ggc 
rv ggg cgg tac ccc iii gtg ggt ccg tat gct  
RG2 pEGFP-C1 Xho I/ Kpn I as above 
RG3 pRSETC Xho I/ Kpn I as above 
RG4 pBluescript KS EcoR I / Xho I 1w g gga attc aq get cct agg a 
ry ggg dc gag t 	III: gtg ggtc 
RG5 pGEX4T1 EcoR I I Xho I as above 
RG6 pFastBacHTA EcoR I / Xho I as above 
RG7 fragment 	aa 1 -141 pEGFP-C1 EcoR I / Sal I 1w g ggg aat tcc gcc atg get cct agg aag ggc agt 
rv ggg gtc gac tea tct tgc agt ttg aag alt cit 
ROB pGEX4T3 EcoR I / Sal I as above 
R09 fragment 	aa 1 - 88 pEGFP-C1 EcoR I / Sal I 1w g ggg aat tee gcc atg get cct agg aag ggc agt 
rv ggg gtc gac teO tgt tgc cge ctc ttc cag ggc 
RG10 pGEX4T3 EcoR I/ Sal l as above 
RG1 1 fragment 	aa 142- 280 pEGFP-N1 EcoR I / Sal I 1w g ggg etc gag alp aaa agg tgt cct cca Icc 
rv gg ggt cga ccc ttt gtg ggt ccg tat get gct 
R012 pGEX4T1 EcoR I/ Sal t as above 
RG13 fragment 	aa 89 - 280 pEGFP-N1 EcoR I / Sal I 1w ggg gaa ftc gcc atg gct gac ctg gat atc acc gaa 
rv gg ggt cga ccc ttt gtg ggt ccg fat gct gel 
RG14 pGEX4T1 EcoR I / Sal I as above 
RG15 SA mutant 	S164A pEGFP-N1 Xho I/ Kpn I 1w aaa ggg aaa agg gca agc cgt gct aac act gtt 
rv aac agt gtt age acg get tgc cct ttt ccc Itt 
RG16 SA mutant 	S165A pEGFP-N1 Xho If Kprt I 1w aaa ggg aaa agg tea gcc cgt get aac act gtt 
rv aac agt gtt age acg ggc tga cct ttt ccc lit 
RG1 7 pGEX4T1 EcoR I / Xhol as above 
RG18 SA mutant 	S164/165A pEGFP-N1 Xho If Kpn I 1w aaa ggg aaa agg gca gcc cgt gcta aca ctg It 
rv aac agt gtt age acg ggc tgc cct ttt ccc ttt 
RG19 SA mutant 	S266A pEGFP-N1 Xho If Kpn I 1w aa call aag aag etc gcc aac cgt etc gee caa 
rv ttg ggc gag acg gtt ggc gag cit cit aat gtt 
RG20 SA mutant 	S164/165/266A pEGFP-N1 Xho I /Kpn I as above 
RG21 SA mutant 	S180A pEGFP-N1 Xho I / Kpn I 1w gg ccg aug gag gig gee atg gtc aaa eea act 
rv ag fig gttt gac cat ggc cac etc caa leg gee 
RG22 FLJ23637 	full length pEGFP-N1 Xho I / Kpn I 1w ggg get cga gac Mg get ggt tat aag cct g 
rv ggg egg tac ccc gal gtg tgt tee aac aca g 
RG23 pEGFP-C1 Xho If Kpn I as above 
R024 KIAA1 709 	full length pEGFP-N1 Sal I/ BamH I fw ggg gtc gac alp cat egg aaa aag gig g 
rv gg ggg ate cgc Itt cli ccg cit eag Itt c 
RG25 pEGFP-C1 Salt / BamH I as above 
RG26 p30 	full length pEGFP-N1 Xho I/ Kpn I 1w gg get cga gee alp egg cga teg agg age let g 
rv gg ggg tad etc ttt aga eat gtt ctt gal g 
RG27 pEGFP-C1 Xho I/ Kpn I as above 
RG28 PLk-1 	full length pBluescript KS EcoR I / Xho I 1w ggg gaa ltd gee alp agt get gca gig act gca g 
rv gggctegagPaggaggcdttgagacggltgc 
RG29 pFastBacHTA EcoR I / Xho I as above 
RG30 TD-60 	full length pBluescript KS BamH I / Xho I 1w gee gga tee gee gcg ace alp ccc agg aag aag aag 
Iry ggg let gag lc.a aga ggg tie ggg ggt tgt ait e 
a amino acids (aa) of protein fragments and serine to alanine mutations (SA) are indicated. 
b forward (1w) and reverse (rv) primers are 5' - 3; start and stop codons are highlighted: mutated bases are in bold. 	
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5.2 Electrophoresis of DNA 
DNA fragments were separated on agarose gels containing 0.5 pg I ml ethidium 
bromide in TAE buffer (40 mM Iris-acetate pH 8, 1 mM EDTA) and visualized on 
a UV transilluminator. For cloning, gel slices containing the appropriate DNA 
fragments were excised with a scalpel, and the DNA was purified using the 
QlAquick Gel Extraction kit (Quiagen). 
5.3 Restriction digestion and ligation of DNA 
Plasmids and PCR fragments were digested with the appropriate restriction 
enzymes (New England Biolabs) for 2 h at 37 °C, and the digestion products 
were gel-purified as described above. Plasmid DNA was incubated with 10 U calf 
intestine phosphatase (New England Biolabs) for 30 min at 37 °C. Ligation 
reactions were carried out with a plasmid to insert ratio of 1 : 2 for 4 h at 16 °C in 
the presence of 400 - 2000 U T4 DNA ligase (New England Biolabs). 
5.4 Preparation and transformation of competent E. coil 
E. co//cells (Top 10 or DH5cz) were grown in LB at 37 °C to an 0D600 of 0.5, 
transferred to ice for 5 mm, and pelleted at 3300 x g for 15 min at 4 °C. Cells 
were resuspended in 40 ml per 100 ml bacterial culture TfbI (AcOH to pH 5.8, 30 
mM KAc, 100 mM RbC12, 10 mM CaCl2, 50 mM MnCl2, 15 % (v I v) glycerol), 
pelleted, and resuspended again in 4 ml per 100 ml bacterial culture Tbf II (KOH 
to pH 6.5, 10 mM MOPS, 75 mM CaCl2,  10 mM RbCl2, 15 % (v I v) glycerol). All 
ptl 
steps were carried out at 4 °C, and aliquots were snap frozen in liquid nitrogen 
and stored at - 80 °C. 
For transformations, 100 il aliquots of competent cells were thawed on ice 
and mixed with ligation reactions containing up to 100 tg DNA. The mixture was 
incubated for 20 min on ice, heat shock treated at 42 °C for 90 s, and chilled on 
ice for a 2 mm. 1 ml LB was then added and the cells were incubated on a 
shaking platform at 37 °C for 1 h. After pelleting and resuspending in 100 tl LB, 
cells were spread on agar plates containing the appropriate antibiotic. 
6. Expression and purification of recombinant proteins 
E. co/i BL21 cells were transformed with the appropriate plasmid DNA. One 
colony was picked and grown over night at 30 °C in 20 ml LB medium. The 
culture was then diluted 1 100 into LB medium and grown to an 0D600 of 
approximately 0.5. Expression of the recombinant proteins was induced by the 
addition of 1 mM IPTG, and the cultures were incubated for 3 h at 37 °C or over 
night at 25 °C. Cells were pelleted and lysed for 30 min on ice in lysis buffer (50 
mM Tris-HCL pH 8.0, 0.4 M NaCl, 1 % (v I v) NP-40, 0.5 % (w / v) deoxycholate, 
1 mg / ml lysozyme, 200 pm PMSF, 1 mg I ml CLAP). For His-tagged proteins, 
buffers were supplemented with 10 mM imidazole. After sonicating, cell debris 
was pelleted at 4000 x g for 20 mm. The supernatant was added to glutathione 
sepharose beads (Amersham Biosciences) for GST fusions or nickel-NTA 
agarose beads (Quiagen) for His fusions. The lysate was incubated with the 
beads for 1 h at 4 °C on a rotating wheel. The beads were then washed twice 
with lysis buffer (without lysozyme), once with wash buffer A (50 mM Tris-HCI pH 
8.0, 0.4 M NaCl, 0.1 % (v I v) NP-40, 200 pm PMSF, 1 mg I ml CLAP), and once 
with wash buffer B (10 mM Tris-HCI pH 7.4, 150 mM NaCl). Proteins were eluted 
in wash buffer B supplemented with 20 mM reduced glutathione (GST fusions) or 
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250 mM imidazole (His fusions). Eluates were dialyzed against wash buffer B for 
2 h at 4 °C. Alternatively, proteins were directly boiled off the beads in SDS-
PAGE sample buffer. 
For baculoviral expression of chromosomal passenger proteins and P1k-1, 
insect Sf-9 cells were infected with appropriate combinations of the constructs 
according to the instructions supplied with the Bac-to-Bac Expression System 
(Invitrogen). After 48 h, complexes containing GST-aurora B, GST-INCENP, His-
survivin, and His-borealin were purified on glutathione sepharose beads as 
described above. Ni-NTA agarose beads were used for separate purification of 
Plkl and His-borealin. 
7. In vitro binding assays 
Full-length proteins labelled with [35S]methionine were generated from cDNA 
cloned into pBluescript (borealin, INCENP, aurora-B, TD-60) or pcDNA3.1 
(survivin) using a reticulocyte lysate coupled transcription/translation system 
(Promega). For each binding reaction, 10 tl of transcription/translation mix were 
added to 90 p1 binding buffer (PBS, 5 mM EGTA, 0.1 % (v /v) Triton X-100, 0.5 
mM PMSF, 1 pg I ml CLAP) containing either GST-borealin or GST alone pro-
bound to glutathione sepharose beads. Samples were incubated on a rotating 
wheel for 1 h at 4°C. The supernatant was precipitated with TCA, and the beads 
were washed three times with binding buffer, once with binding buffer without 
Triton X-100 and boiled in sample buffer. After SDS-PAGE, proteins labelled with 
[35S]methionine were detected using a phosphorimager (Storm 860) with 
ImageQuant software (Amersham Biosciences). 
Kinase assays 
Recombinant aurora-B kinase was included into a 20 tl reaction containing 1 mg 
/ ml myelin basic protein, 50 mM Tris-HCI pH 7.4, 10 mM MgCl2, 1 m EGTA, 
1 m DTT, 5 mM NaF, 5 mM p-glycerophosphate, 0.05 mM sodium vanadate, 
0.1 mM ATP, and 1 pCi of y - [32P] ATP. After 1  at 30 °C, reactions were 
stopped by the addition of 5 x SDS-PAGE sample buffer. Proteins were 
separated by SDS-PAGE, and phosphate incorporation was determined using a 
phosphorimager (Storm 860) with ImageQuant software (Amersham 
Biosciences). Dr. Sandrine Ruchaud contributed to these experiments. 
Cell culture 
HeLa JW and S3 cells were maintained in RPMI 1640 medium supplemented 
with 5 % (v / v) FIBS, 100 U / ml penicillin, 100 tg I ml streptomycin, and 300 mg I 
ml L-glutamine (Gibco-BRL) at 37 °C and 5% CO2 in a humid incubator. Chicken 
DT40 cells were grown at 39 °C in medium containing 1 % chicken serum 
(Gibco-BRL) in addition to the contents mentioned above. Insect Sf -9 cells were 
grown in SF-900 II medium (Gibco-BRL) at 28 °C. 
Transient transfection of HeLa cells and generation of stable cell lines 
Plasmids were introduced into HeLa cells by electroporation. Cells were washed 
with PBS and RPMI 1640 medium, counted, and finally resuspended in RPMI 
1640 at a concentration of 2.5 - 5 x 106  cells I ml. 400 tI of the suspension were 
added to each electroporation cuvette (0.4 cm electrode gap; Biorad) on ice, and 
mixed gently with 5 -10 tg of plasmid DNA. Cells were electroporated at 0.3 kV 
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and 975 pF using the Gene Pulser II Electroporation System (Biorad). The 
suspension was then transferred to complete medium. 
To obtain stable expression of borealin-GFP, HeLa cells were cultured in 
the presence of 0.5 mg I ml neomycin G418 (lnvitrogen) for selection. After 14 
days, individual colonies were isolated, expanded, and checked for GFP 
expression by fluorescence microscopy. 
Immunoprecipitations 
HeLa cells were harvested after a 20-h colcemid block by mitotic shake-off and 
lysed in IP buffer (50 mM Tris-HCI pH 8.0, 0.4 M NaCl, 0.5 % (v / v) NP-40, 0.1 % 
(w I v) deoxycholate, 30 pg / ml RNase A, 80 U / ml micrococcal nuclease (a gift 
of Jim Allan, University of Edinburgh, United Kingdom), 1 mM PMSF, 1 pg / ml 
CLAP) for 20 min on ice. The cleared extract was incubated with affinity-purified 
anti-borealin antibody R1647 or pre-immune serum R1647 cross-linked with 
dimethyl pimelimidate (Pierce) to protein A beads (Dynal Biotech) for 5 h at 4 °C 
on a rotating wheel. The beads were washed twice with IP buffer without RNA5e 
and micrococcal nuclease and once with 10 mM Tris-HCI pH 7.4, 150 mM NaCl. 
Supernatant and beads were processed for SDS-PAGE and the proteins 
transferred to nitrocellulose membranes for immunoblotting. 
Immunoprecipitations of aurora-B and borealin-GFP were carried out as 
described above using anti-aurora B (rabbit; Abcam) and anti-GFP (mouse; 
Molecular Probes) antibodies. 
Sucrose gradients 
Mitotic HeLa cell extracts were prepared as described for immunoprecipitations 
using a variety of buffers (see chapter V, Fig 7 and 8) and 200 tl (5 x 106 
extracted cells) were loaded onto 5 - 20 % or 10 - 40 % (w I v) 2-ml sucrose 
gradients. The gradients were spun at 55 000 rpm in a TLS-55 rotor (Beckman) 
for 6 h at 4 °C. The 17 collected fractions were separated by SDS-PAGE and 
transferred to nitrocellulose membranes for immunoblotting. Sedimentation 
markers for carbonic anhydrase (2.8 S), BSA (4.3 S), alcohol dehydrogenase 
(7.4 5), and f3-amylase (9 S) were run in parallel gradients and visualized by 
Coomassie Blue staining after SDS-PAGE. 
13. RNA interference 
A 21-mer oligonucieotide (aggucaagccgugcuaacadtdt) covering bases 484- 505 
downstream of the translational start codon of the human borealin cDNA was 
used as the targeting sequence. The control siRNA (cguacgcggaauacuucgadtdt) 
had no significant homology to any known human mRNA in the databases 
(Elbashir et al., 2001). The double stranded RNA oligomers were supplied as 
annealed duplexes (Qiagen). 
For RNA interference of borealin, exponentially growing HeLa cells at 50 
% confluency were treated with 2 mM thymidine (Sigma) for 16 hours and 
released for 8 h into complete medium without antibiotics. 4 h into the release 
period, a single pulse of 60 pmoles of 5iRNA was administered to the cells by 
transfection using a lipid-based reagent (OligoFectamine, invitrogen). A second 
thymidine block was applied for 16 h in the presence of the siRNAs. Cells were 
released into complete medium supplemented with antibiotics and analyzed upon 
entry into mitosis by immunoblotting or indirect immunofluorescence. Ana 
Carvalho performed these experiments. 
RNA interference of survivin was carrried out as described previously 
(Carvalho et al., 2003). 
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Movies 
HeLa cells stably expressing histone H2B-GFP were treated as described above 
and released into fresh medium without phenol red (Gibco). After 8 h, the 
medium was supplemented with 10 mM HEPES pH 7.5, and the coverslips were 
transferred to a FCS2 chamber (Biotechs) and kept at 37 °C. DIC and FITC 
three-dimensional image data sets were collected every 7 minutes as described 
for indirect immunofluorescence. Ana Carvalho was the main contributor to these 
experiments. 
Time-lapse imaging 
Cells were seeded onto poly-lysine coated grid coverslips, synchronized, and 
treated with siRNA as described above. The medium was supplemented with 10 
mM HEPES pH 7.5 6 - 8 h after the second thymidine block, and phase-contrast 
images were taken in 1 h intervals using an inverted Nikon Diaphot microscope 
heated to 37 °C and a 20 x objective. At least 50 mitotic cells were followed for 7 
- 9 hours in each experiment, which were performed by Ana Carvaiho. 
Isolation of human mitotic chromosomes 
The isolation of mitotic chromosomes from HeLa S3 cells is based on established 
methods (Lewis and Laemmli, 1982; Earshaw and Laemmli, 1983; Gasser and 
Laemmli, 1987). Exponentially growing HeLa S3 cells at densities of 3-4 x 10  5 /  
ml were incubated with 0.1 Vg I ml colcemid for 22 h, resulting in a mitotic index 
of up to 97 %. As a high mitotic index is crucial for obtaining good preparations, 
cultures with a mitotic index below 80 % were not used for chromosome isolation. 
A 500-ml culture was split into two equal volumes, centrifuged at 1600 x g in a 
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Beckman JLA 10.5 rotor for 5 min at room temperature, and the cells 
resuspended in solution 1 (7.5 mM Tris-HCL pH 7.4, 40 mM KCI, 1 mM K-EDTA 
pH 7.4, 0.375 mM spermidine, 0.15 mM spermine, 9.5 TIU I tl aprotinin, 200 tM 
PMSF, 1 ig / ml CLAP). After swelling the cells for 5 min at room temperature, 
they were centrifuged at 2100 rpm in a Heraeus Meg afuge 1 .OR centrifuge (used 
in all subsequent steps) for 3 min at 4°C. All subsequent steps were performed at 
4 °C or on ice. 50 d of an RNase solution (10 mg I ml) were added to each pellet, 
the cells were quickly resuspended in 10 ml solution 2 (15 mM Tris-HCL pH 7.4, 
80 mM KCI, 2 mM K-EDTA pH 7.4, 0.75 mM spermidine, 0.3 mM spermine, 0.1 
% (w I v) digitonin, 9.5 TIU / tl aprotinin, 200 LM PMSF, 1 tg / ml CLAP) and 
lysed with 10 moderate strokes in a 15-ml dounce (B-type pestle). The debris 
was spun down at 1000 rpm for 5 mm, and the supernatant was layered over two 
3-step sucrose gradients (80 / 60 / 15 %; w / v) prepared in solution 3 (5 mM Tris-
HCL pH 7.4, 2 mM KCl, 2 mM K-EDTA pH 7.4, 0.375 mM spermidine, 0.1 % (w / 
v) digitonin, 0.1 % (v / v) Ammonyx Lo, 9.5 TIU / jAl aprotinin, 200 tM PMSF, 1 tg 
/ ml CLAP). The sucrose gradients were spun at 1400 rpm for 10 min and were 
then accelerated to 2800 rpm for a further 30 mm. The 15 /60 % interphase, the 
60 % phase, and the 60 / 80 % interphase, containing the crude chromosomes, 
were retained. Solution 3 was added to give a final volume of 10 ml per tube and 
the mixture was supplemented with 37.5 pi 1 M spermidine, and 15 tl 1 M 
spermine. Next, 10 ml Percoll solution (1 x solution 3, 1.5 mM spermidine, 0.6 
mM spermine, Percoll) were added and the mixture was homogenized with 10 
medium strokes in a 40-ml dounce (type-B pestle). Upon further addition of 14 ml 
Percoll solution, the mixture was spun at 44000 x g in a Beckman JA25.5 rotor 
for 30 mm, which caused a Percoll gradient to form in situ. The band near the 
bottom of the tube containing the chromosomes was carefully removed and 
transferred to a fresh tube. Solution 3 was added to a final volume of 40 ml. After 
homogenization with 4 gentle strokes in a 40—ml dounce (type—B pestle), the 
mixture was split equally into 2 fresh tubes (4 tubes in total), and more solution 3 
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was added again to a final volume of 40 ml. The chromosomes were sedimented 
at 3700 rpm for 15 min and the pellet was gently resuspended in - 0.5 ml 
solution 4 (5 mM Tris-HCL pH 7.4, 2 mM KCI, 0.375 mM spermidine, 0.1 % (v / v) 
Ammonyx Lo, 9.5 TIU / tl aprotinin, 200 tM PMSF, 1 pg I ml CLAP). The purity 
of the preparation was assessed by phase contrast microscopy as well as 
fluorescence microscopy upon incubation with 0.5 pg / ml DAPI. 
Typically, 15 - 25 0D250 of isolated chromosomes were obtained per 500 
ml of cells. To avoid pitfalls, the following should be taken into account when 
making chromosome preparations. To obtain pure preparations, the presence of 
the detergent digitonin was absolutely required in all steps involving solution 3. 
Omission of digitonin in the sucrose and Percoll gradients resulted in 
considerable contamination of the preparation with mitochondria (Morrison et al., 
2003). Unfortunately, the solubility of digitonin in aqueous solution is poor, and 
often isolation procedures had to be aborted due the formation of large digitonin 
crystals. The inclusion of the detergent Ammonyx Lo partially alleviated this 
problem, as it helps to keep digitonin in solution. Aliquots of a 10 % (w / v) 
digitonin stock solution were prepared in H20 as described (Gasser et al., 1987) 
and stored at - 20 ° C. Spermine and spermidine are unstable in aqueous 
solutions. Stock solutions in H20 0  M) were stored at - 20 ° C, and the 
polyamines were added to the buffers immediately before use. 
17. Isolation of chicken DT40 mitotic chromosomes 
Two identical 500-ml cultures of exponentially growing DT40 cells conditionally 
expressing an smc2 transgene were processed in parallel. Doxycycline was 
added to one culture for 23 h, then colcemid (0.1 ig I ml) was added to both 
cultures for 14 h. Chromosomes were prepared essentially as described above, 
with the following modification: After cell lysis, nuclei and cell debris were 
pelleted at 1500 rpm (Heraeus Megafuge 1.0R) for 5 mm. The supernatant was 
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subjected to a second round of centrifugation, which was required to avoid 
substantial contamination of the chromosome preparation with nuclei. The 
chromosomal yield from SMC2-depleted cells was consistently 2 - 4 times lower 
than that from cells expressing the transgene, but sufficient to run 2 lanes in 
SIDS-PAGE for simultaneous immunoblot analysis and Coomassie Blue staining. 
Preparation of mitotic chromosome scaffolds 
Isolated chromosomes were supplemented with 1 mM CaCl2 and incubated with 
30 pg / ml micrococcal nuclease for 30 min on ice. CuSO4 was then added to 0.5 
mM under an atmosphere of N2. After 10 mm, Na-EDTA pH 9 was added to 5 
mM. Histones were extracted by the addition of 1 volume of 2 x high salt 
extraction buffer (20 mM Tris-HCI pH 9, 4 M NaCl, 20 mM Na-EDTA, 0.1 % (v /v) 
Ammonyx Lo, 9.5 TIU / tl aprotinin, 200 tM PMSF, 1 Itg / ml CLAP) for 20 mm. 
The insoluble scaffold fraction was pelleted at 20000 x g and dissolved in SIDS-
PAGE sample buffer. 
Mass spectrometry and protein identification 
Chromosome scaffold preparations derived from 8 0D260 were resolved on 5 - 
12.5 % Tris-glycine gels and the proteins visualized with colloidal Coomassie 
Blue (Genomic Solutions). Individual bands were excised, digested with trypsmn 
(sequencing grade; Promega; Shevchenko et al., 1996), and 
desalted/concentrated using Zip-Tip pipette tips (Millipore). Matrix-assisted laser 
desorption ionization/time of flight mass spectra were acquired on a PerSeptive 
Biosystems Voyager DE TI  STIR  instrument (Applied Biosystems) with a-cyano-4-
hydroxycmnnamic acid as the matrix. Searches of the NCBI protein database with 
peptide lists were performed using the MS-Fit tool 
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(http://prospector.ucsf.edu/ucsfhtml4.0/msfit.htm) with an allowed peptide mass 
error of 50 ppm. Following an iterative database-searching scheme designed to 
identify the components of simple protein mixtures (Jensen et al., 1997), up to 
three different proteins per band were identified. Alexander Henzing was involved 
in these experiments. 
Antibody production 
Polyclonal antibodies R1647 and R1648 were generated against full-length 
human borealin with an N-terminal His tag. The fusion protein was expressed in 
E. co/i BL21 cells (100 ml culture volume) and purified as described above. The 
protein sample was run on a 12.5 % polyacrylamide gel (14 x 14 cm) and 
visualized with aqueous Coomassie Blue. The protein band was cut out with a 
razor blade and ground to a fine powder after cooling with liquid nitrogen. The 
powder was resuspended in PBS, and the mixture was injected into two male 
rabbits (Scotland Diagnostics). 
Polyclonal rabbit antibodies R2316 were raised against a C-terminal 
peptide (KEKIKKLPEYNPRT) of human TD-60 (Genosphere). 
Affinity purification of anti-borealin antibodies 
GST-borealin was expressed and purified from a 100-ml bacterial culture as 
described above, separated on a 12.5 % polyacrylamide gel (14 x 14 cm), and 
transferred onto a nitrocellulose membrane. The band corresponding to GST-
borealin was visualized with Ponceau S and excised with a razor blade. After 
incubation with 10 % (w / v) low fat milk in PBS containing 0.5 % (v / v) Tween-
20, the strip was cut into small pieces and placed into a 15-ml falcon tube. The 
pieces were incubated with rabbit serum R1647 and R1648 diluted 1 :10 in 
52 
milk/PBSITween-20 for 1 h on a rotating wheel at room temperature. After 
washing three times with PBSITween-20 and once with PBS, bound antibodies 
were eluted by addition of 0.2 M glycine pH 2 for 30 s. Eluted fractions were 
neutralised immediately with Tris buffer. 
22. Affinity purification of anti-TD-60 antibodies 
The peptide used for rabbit R2316 immunization was covalently immobilized to 
an agarose gel support through its N-terminal cysteine (SulfoLink Coupling Gel; 
Pierce) according to the manufacturer's instructions. The gel was poured into a 
gravity-flow column (Biorad) and equilibrated by washing with PBS. The rabbit 
serum was diluted 1: 1 with PBS, filtered through a 0.2 tm filter (Sartorius), and 
applied to the column (10 ml diluted serum were used for a column with a gel bed 
volume of 2 ml). After the sample had been allowed to pass through the column 
twice, the column was washed twice with 10 ml PBS, once with 10 ml PBS /0.1 
% (v / v) Triton X-1 00, and twice more with 10 ml PBS. The bound antibodies 
were eluted with 8 ml 0.2 M glycine pH 2. Fractions of 1 ml were collected, 
neutralized immediately with Tris buffer, and 1 d of each fraction was spotted 
onto nitrocellulose paper. Fractions that stained with Ponceau S were then 
pooled and checked by immunoblotting. 
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IV. A novel component of the inner 
centromere identified by proteomic 




One of the classic unsolved problems in cell biology is the mechanism by which 
the dispersed chromatin territories of the interphase nucleus condense and 
acquire the characteristic structural organization of mitotic chromosomes. One 
model proposes that non-histone proteins act as a structural framework during 
the formation of mitotic chromosomes (Laemmli et al., 1978; Adolph et al., 
1977a; Lewis and Laemmli, 1982; Mirkovitch et al., 1988). This framework was 
suggested to correspond to an insoluble biochemical fraction, the chromosome 
scaffold, which can be derived from chromosomes following solubilization of the 
bulk of the DNA and protein (Adolph et al., 1977b). However, the existence and 
functional significance of the chromosome scaffold have been highly 
controversial, and another widely accepted model proposes that chromosomes 
form solely by a hierarchy of chromatin coiling events (Belmont and Bruce 1994). 
A first step towards understanding mitotic chromosome formation is the 
identification of the proteome of non-histone proteins associated with isolated 
chromosomes. Initial progress in this direction began with the identification of 
chromosome scaffold components using specific antibodies. This led to the 
discoveries that kinetochore proteins, topoisomerase II, INCENP and the 
condensin subunit SMC2 were present in the scaffold fraction (Earnshaw et at., 
1985; Earnshaw et al., 1984; Cooke et al., 1987; Saitoh et al., 1994). A second 
approach identified proteins that became associated with mitotic chromosomes 
assembled in vitro from demembranated sperm nuclei in extracts prepared from 
Xenopus eggs. This led to the identification of the condensin I complex (Hirano et 
al., 1997), and more recently Xkid (Funabiki and Murray, 2000) and the dasra 
proteins (Sampath et al., 2004). 
An alternative approach for the identification of chromosomal proteins is 
proteomic analysis following the purification of vertebrate mitotic chromosomes 
from cultured cells. This has only recently begun to be exploited (Morrison et al., 
2002), taking advantage of protocols for the isolation of highly purified 
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chromosomes (Blumenthal et al., 1979; Gasser and Laemmli, 1987; Lewis and 
Laemmli, 1982; Wray and Stubblefield, 1970). 
The complete sequencing of the human genome combined with recent 
advances in mass spectrometry techniques have facilitated the proteomic 
analyses of purified subcellular fractions, including nucleoli (Andersen et al., 
2002), spliceosomes (Neubauer et al., 1998), nuclear pore complexes 
(Cronshaw et al., 2002), the nuclear envelope (Schirmer et al., 2003), 
centrosomes (Andersen et al., 2003), and interchromatin granule clusters (Saitoh 
et al., 2004). Presently, the availability of human protein databases, which 
contain a wealth of proteins of unknown function, facilitates rapid protein 
identification by peptide mass fingerprinting. 
To address the role of non-histone proteins of the chromosome scaffold in 
the formation of mitotic chromosomes, I took a biochemical approach using a 
chicken DT40 cell line conditionally null for SMC2. Surprisingly, mitotic 
chromosomes could be purified in the absence of SMC2. However, the scaffold 
fraction was largely missing from these chromosomes, indicating that the higher 
order structure was fundamentally flawed. The evidence I present suggests that, 
rather than being required for the generation of condensed mitotic chromosomes 
per Se, the condensin complex has an essential role in conveying structural 
integrity to mitotic chromosomes. 
In order to identify additional proteins with a potential role in chromosome 
structure and chromosome dynamics in mitosis, I developed a strategy based on 
the isolation of human mitotic chromosome scaffolds. Constituent proteins in the 
chromosome scaffold fraction were identified by MALDI-TOF mass spectrometry 
followed by peptide mass mapping. I report the identification of 16 
uncharacterized proteins that are putative components of mitotic chromosomes. 
Analysis of the cell cycle-dependent distribution of three of these proteins fused 
to GFP confirmed that all three are associated with mitotic chromosomes in vivo. 
One of these uncharacterized proteins, nuclear protein p30, may have an 
important role in the organization of centromeric heterochromatin. 
2. Results 
2.1 Chicken DT40 chromosomes depleted of SMC2 are structurally 
compromised 
The chicken DT40 cell line has been a valuable tool for the analysis of vertebrate 
protein function by gene knock-out (Buerstedde and Takeda, 1991; Sonoda et 
al., 1998; Nishihashi et al., 2001; Ruchaud et al., 2002; Korfali et al., 2004). Dr. 
Damien Hudson in our laboratory had generated a cell line in which the 
expression of the condensin subunit SMC2 could be conditionally suppressed by 
the addition of the tetracycline analogue doxycycline (Sonoda et al., 1998; 
Hudson et al., 2002). This enabled us to obtain SMC2-deficient cells (SMC2OFF 
cells) in sufficient quantities for comparative biochemical experiments with the 
same cell line in which SMC2 expression had not been repressed (SMC2 IN 
cells). Sequential addition of doxycycline and colcemid (see Materials and 
Methods) resulted in an SMC2 OFF  cell population with a mitotic index high enough 
for mitotic chromosome isolation. Using a protocol for human mitotic 
chromosomes (Lewis and Laemmli, 1982), I purified chicken mitotic 
chromosomes from SMC2 ON  and SMC2 OFF  cells in parallel (the procedure was 
adapted for DT40 cells by including an additional centrifugation step; see 
Materials and methods). The resulting chromosome fraction was analyzed by 
immunoblotting with antibodies against topoisomerase II, INCENP, SMC2, and 
the bulk scaffold fraction (Fig. 1 B). Total protein was also visualized by staining 
with Coomassie Blue (Fig. 1A). Importantly, no residual SMC2 was detected on 
SMC2 OFF  chromosomes. 
Topoisomerase II levels in SMC2 OFF  chromosomes were only slightly 
reduced relative to SMC2 ON  chromosomes (Fig. 1 B). However, when I attempted 
to isolate the mitotic scaffold fraction from SMC2-depleted chromosomes, 
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topoisomerase II was virtually absent. Normally, up to - 70 % of chromosomal 
topoisomerase II remains in isolated scaffolds (Fig. 1B; Earnshaw et al., 1985). 
Loss of SMC2 had a more dramatic effect on the distribution of INCENP. 
Only very low levels of the protein were detected in SMC2 OFF  chromosomes. 
When chromosomes were processed to isolate the scaffold fraction, INCENP 
was rendered entirely soluble (Fig. 1B). Normally, essentially all of the 
chromosomal INCENP is recovered in the scaffold fraction (Fig. 1B; Cooke et al., 
1987). 
Scaffolds from SMC2 OFF  cells were also depleted of at least 13 major 
antigens recognized by a polyclonal antibody to bulk chromosome scaffolds 
(RaO, Fig. 1B). The total recovery of Coomassie Blue-stained proteins in the 
scaffold fraction from SMC2 OFF  chromosomes was also significantly reduced (Fig. 
1A). 
When SMC2 OFF  chromosomes were extracted, a number of insoluble 
proteins still remained (Fig. 1). I believe that many of these were not true 
chromosomal components, but were instead cytoskeletal proteins and remnants 
of nuclei that contaminated the DT40 chromosome preparations. 
These results reveal that SMC2 is required for the establishment of a 
mitotic chromosome structure that enables the isolation of the mitotic 
chromosome scaffold fraction. 
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Figure 1. Mitotic Chromosomes from SMC20FF  cells lack a chromosome scaffold. 
(A) Isolated chromosomes from SMC20N  (doxycycline -) and SMC20FF  cells (doxycycline 
+) and their scaffold fractions were subjected to SDS-PAGE (12.5 %) and stained with 
Coomassie Blue. Substantially lower levels of total protein were recovered in the scaffold 
fraction prepared from SMC2-depleted chromosomes. The bracket shows the region of 
the gel containing topoisomerase (topo) II, INCENP and SMC2. (B) lmmunoblots 
corresponding to the protein gel shown in (A). (top) Topo II is present in chromosomes 
from SMC20N  and  SMC20FF cells, but is significantly depleted from the scaffold fraction 
prepared from SMC2-depleted chromosomes. (middle) INCENP levels are reduced in 
chromosomes from SMC20' cells and the protein is entirely absent from the scaffold 
fraction prepared from SMC20FF chromosomes. (bottom) Many scaffold proteins, as 
detected by polyclonal serum to bulk chromosome scaffolds (RaO), are absent from the 
scaffold fraction from SMC20FF chromosomes. Dotted lines indicate missing bands; circles 
mark likely contaminants. Loading represents 0.4 OD 	units of chromosomes per lane. 
The data is representative of the results of at least three independent experiments. 
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2.2 A strategy for the identification of novel chromosomal non-histone 
proteins 
The biochemical analysis of SMC2OFF  chromosomes showed that in the absence 
of SMC2, the scaffold proteins become soluble in high salt. This suggested that 
the proteins in the scaffold fraction are there because of specific interactions, 
rather than as a result of unspecific precipitation. I therefore decided to use the 
chromosome scaffold fraction as the source material for a proteomic screen 
aimed at identifying new candidate proteins with a potential involvement in 
chromosome structure and dynamics in mitosis (Fig. 2). Given the resources 
available, I was limited to using MALDI mass spectrometry and peptide mass 
mapping for protein identification. The success of this approach depends on the 
availability of comprehensive databases. Furthermore, it was important to obtain 
highly purified mitotic chromosomes for this approach. Chicken databases were 
fragmentary at the time, and I had shown that mitotic chromosomes isolated from 
DT40 cells contained numerous contaminants (Fig. 1). In contrast, the coverage 
of human databases was far more advanced. Also, purification procedures based 
on polyamine-EDTA buffers (Blumenthal et al., 1979) had been shown to yield 
human chromosome preparations virtually free from cytoskeletal contaminants 
(Gasser and Laemmli, 1987; Lewis and Laemmli, 1982). 
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Figure 2. Strategy for the identification of candidate proteins with a potential involvement in 
chromosome structure and chromosome dynamics in mitosis. Human metaphase 
chromosomes were purified by sequential density centrifugation using polyamine-EDTA buffers. After 
stabilization of non-histone proteins with CuSO4, chromosomes were digested with micrococcal 
nuclease and extracted with high salt. The histone-depleted scaffold fraction was separated on 
gradient gels, and individual gel bands were excised and processed for MALDI-TOF mass 
spectrometry. Proteins were identified by peptide mass mapping, and uncharacterized proteins were 
expressed as GFP-fusions. Proteins exhibiting an interesting localization in mitosis (for example 
centromeres or chromosome axis) were selected for further characterization. 
61 
2.3 Isolation of structurally intact and highly purified human mitotic 
chromosomes 
Human mitotic chromosomes were isolated from HeLa S3 cells blocked in 
mitosis with the microtubule-depolymerizing drug colcemid, and the purity and 
integrity of the chromosomal fraction was examined by fluorescence microscopy 
and immunoblotting (Fig. 3). As judged by fluorescence microscopy after DAPI 
staining, the chromosomal fraction was homogeneous in appearance, and no 
contaminating nuclei were detected (Fig 3A). The chromosomes retained their 
typical mitotic shape, and pairs of kinetochores could be readily visualized, 
suggesting that the chromosomes were structurally intact (Fig. 3A'). Immunoblot 
analysis confirmed that the fraction was highly enriched for known chromosomal 
components, while being depleted for the abundant mitochondrial protein porin 
(Fig. 3B and C). Mitochondria are a common contaminant of crude chromosomal 
preparations (Morrison et al., 2003). 
To reduce the complexity of the protein mixture in the preparation, the 
isolated chromosomes were digested with micrococcal nuclease and subjected 
to high salt extraction using 2 M NaCl. The resulting insoluble residue was then 
analysed by immunoblotting and indirect immunofluorescence to confirm that 
known components of the chromosome scaffold fraction were present (Fig. 4). As 
expected from the results of earlier studies (Earnshaw et al., 1985; Saitoh et al., 
1994), kinetochores (represented by CENP-B) and the condensin complex 
(represented by SMC2) were retained in the scaffold fraction (Fig. 4A and B). I 
also checked for the presence of another protein, the kinesin KlF4, which is 
localized along the chromosome axis in mitosis (Mazumdar et al., 2004), and 























Figure 3: Isolation of human metaphase chromosomes. 
(A) Purified HeLa S3 chromosomes spun onto a coverslip and visualized with 
DAPI. Scale bar, 100 [tm. (A') A close-up of isolated chromosomes reveals that 
they are structurally intact and contain kinetochores. Scale bar, 2 [tm. (B) 
Protein gel (12.5 %) of whole cell extract (wce) and isolated chromosomes (chr). 
Loading is equal at 75 .tg protein per lane. (C) Immunoblots corresponding to 
the protein gel shown in (B) demonstrating high enrichment for chromosomal 
proteins. Note that the abundant mitochondrial porin is not detectable in the 
chromosomal fraction. 
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Figure 4: Preliminary characterization of the human mitotic chromosome 
scaffold fraction. 
(A) Immunoblot Showing that a known kinetochore component, CENP-B, is 
retained in the scaffold fraction. Mitotic chromosomes (chr) were extracted with 
2M NaCl with (+) or without (-) prior treatment with CuSO4. The soluble fraction 
(s) and the scaffold pellet (sc) are shown. In the absence of CuSO4 
pretreatment, the scaffold proteins are soluble. (B) Immunoblot of 
chromosomes and scaffolds demonstrating that the known scaffold component 
SMC2 remains insoluble after high salt extraction. The kinesin KIF4 is also 
present in the chromosome scaffold fraction. (C) Immunofluorescence analysis 
of chromosome scaffolds. Extracted chromosomes were spun onto coverslips 
and stained for CENP-B and KIF4. Treatment with micrococcal nuclease was 
omitted to allow visualization of DNA. Although the mitotic chromosome 
structure is no longer recognizable at the level of DNA, the chromosome 
scaffold fraction, represented by KIF4 and CENP-B, retains the shape of the 
metaphase chromosome. Scale bar, 2 rim. 
Staining of the protein components with Coomassie Blue confirmed that 
the chromosome scaffold fraction was largely depleted of histones (Fig. 5A). I 
was now convinced that I had prepared the desired subcellular fraction with 
sufficient purity to warrant further analysis. The chromosome scaffold fractions 
were therefore resolved on 5 - 12.5 % gradient gels, and 48 distinct protein 
bands (Fig. 513) were excised and subjected to MALDI-TOF mass spectrometry, 
which was performed in collaboration with Dr. Alexander Henzing. 
2.4 Identification and classification of proteins in the chromosome scaffold 
fraction 
Peptide mass mapping followed by database searching reproducibly identified 79 
proteins in the size range of 24 - 252 kDa in chromosome scaffold fractions 
(Table 1). A survey of the available literature revealed that 40 (51 %) of these 
proteins were already known to associate with chromosomes during mitosis 
(Table 2, left column; Fig. 5C). For some proteins, this localization is restricted to 
the mitotic chromosomes (for example condensin subunits), whereas the 
association of other proteins with chromosomes during mitosis is only partial (for 
example subunits of the Nup107-160 complex). A majority of these known 
chromosomal proteins (55 %) belonged to one of 9 complexes, for which different 
functions and chromosomal localizations in mitosis have been reported (Table 3). 
Among the 8 (10 %) identified proteins that I classified as non-
chromosomal in mitosis (Table 2, middle column), 5 proteins are present at 
centrosomes (aurora-A, cullin 4A, Hsp70, NuMA, PRC1). I speculate that, in the 
absence of a functional mitotic spindle, centrosomes may associate with 
chromosomes, perhaps via transient interactions between short-lived 
microtubules and kinetochores. Such associations could explain the presence of 
centrosomal proteins in the chromosome preparation. Alternatively, live cell 
65 
experiments have revealed that a number of kinetochore proteins flux between 
the chromosomes and the centrosomes along microtubules in a process 
mediated by dynein (Howell et al., 2001). It is possible that a sub-population of 
centrosomal proteins might also flux and become trapped at kinetochores when 
microtubules are disassembled. 
I was unable to find published data on the localization in mitosis of 31 (39 
%) proteins (Table 2, top right column). These included a number of ribosomal 
proteins and several aminoacyl-tRNA synthetases. At least one ribosomal protein 
(Si) has been shown to distribute partially to the periphery of mitotic 
chromosomes (Hugle et al., 1985). It remains to be shown whether the ribosomal 
proteins identified in this study exhibit a similar localization. 
Although mainly cytoplasmic, certain aminoacyl-tRNA synthetases have 
been reported to also be active as a high molecular weight multienyzme complex 
in the nucleus (Nathanson and Deutscher, 2000), where they presumably assist 
in the proofreading of newly synthesized tRNA5 (Lund and Dahlberg, 1998). Only 
a subset of 9 aminoacyl-tRNA synthetases have been found consistently in 
purified mammalian complexes (Lee et al., 2004). Interestingly, the five 
aminoacyl-tRNA synthetases co-purifying with mitotic chromosomes in this study 
all belong to this class of complex-forming enzymes. It is possible that nuclear 
aminoacyl-tRNA synthetase complexes adhere to chromosomes during mitosis 
to maintain their nuclear localization. 
Approximately one-fifth of the proteins in the chromosome scaffold fraction 
(16 I 79) were previously uncharacterized. No information about their localization 
in mitosis, nor any functional data, was available for these proteins (Table 2, 
bottom right column). 
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Figure 5: Identification of chromosome scaffold components by mass spectrometry. 
(A) Protein gel of 0.5 0D260 (- 25 pg) of human mitotic chromosomes before (chr) and after 
(Sc) extraction with 2 M NaCl. (B) Chromosome scaffold fraction, derived from 8 0D260  (-
0.4 mg) of mitotic chromosomes, resolved on a 5 — 12.5 % gradient gel. Bands excised for 
mass spectrometric analysis are indicated on the right, and proteins identified in these bands 
are listed in Table 1. (C) Mitotic localization of the identified proteins (see also Table 2). 
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Table 1. Identification of proteins in the chromosome scaffold fraction 
band no. proteins identified 	 accession b 	 kDa b 
1 	nuclear mitotic apparatus protein 1 (NuMA) 
K1AA0539 
2 BAP28 
nuclear mitotic apparatus protein 1 (NuMA) 
3 	nuclear mitotic apparatus protein 1 (NuMA) 
KIAAO1 85 
4 	topoisomerase II a 
nuclear mitotic apparatus protein 1 (NuMA) 
5 	topoisomerase II 
hCAP-C 





chromosome-associated kinesin KIF4A 
MYB binding protein la 
8 	isoleucyl-IRNA synthetase 
KIAAO1 33 
chromosome-associated kinesin KIF4A 
9 	nuclear pore complex protein Nupl 60 
hCAP-D2 
chromosome-associated kinesin KIF4A 
10 	hCAP-D2 
INC EN P 
hCAP-E 
11 	hCAP-E 
FACT 140 kDa subunit 
12 hSNF2H 






nucleolar RNA-associated protein 
15 	poly-[ADP-ribose]-polymerase 1 
KIAA1 709 
oral-facial-digital syndrome 1 
16 	WD repeat-containing protein 3 
nuclear pore complex protein Nupl07 
hCAP-C 
block of proliferation 1 
17 	periodic tryptophan protein 2 homolog 
block of proliferation 1 
methionyl-tRNA synthetase 
hCAP-H 
18 	topoisomerase I 
INCENP 
19 	RNA helicase Cu 
structure specific recognition protein 1 (SSRP1) 
20 	WD-repeat protein SAM 
glutaminyl-tRNA synthetase 
structure specific recognition protein 1(SSRP1)  
gi154538201ref1 NP_0061 76.11 [5453820] 	 236 
gil167558421gb1AAL281 10.11AF432264_1[16755842] 	252 
gill 42853701sp109H5831 BP28HUMAN[1 4285370] 242 
gi13351 8630lsp1Q1 46901 RRP5_HUMAN[3351 8630] 	211 
gill 39597091sp1 P11 3881TP2A_HUMAN[1 3959709] 174 
gil4092846ldbjlBAA73535. 11 [4092846] 	 147 
gill 46703921reflNP_1 15784.11[14670392] 170 
147 
gil4758294]reflNP004437. 1 l[4758294] 
	
163 
gi1203800961gblAAH281 82.1 [20380096] 157 
gill 39596941sp10952391 KF4A_HU MAN[1 39596941 
	
139 
gi17657351 lrefINP055335.1 l[7657351] 
	
149 
giI77700721refINP_038203.1 l[7770072] 145 
gi124957051spl0l 41461Y1 33_HUMAN[2495705] 
	
171 
gi12942921 5lspIQl 27691N1 60HUMAN[2942921 51 
	
149 
gil 991 O376lrefl NP_064623. 11 [9910376] 
	
106 
gi15453591 lreflNP006435.11[5453591] 136 
gi15499741 1gbIAAD43978.1 IAF1 52961 _l [5499741] 
	
120 
gil2l 071 O58IreflNP_003592.2l[21 071058] 
	
122 
gill 507975OIgblAAH1 1686.11[15079750] 127 
gill 111 9736Igb1AAG30732.1 l[l 1119736] 
	
114 
gi127695961 lgblAAH43404.1 1[27695961] 131 
gill 26979631dbj1BAB21 800.1l[1 2697963] 
	
116 
gil20988377lgblAAH301 39.11[20988377] 127 
g11 l30781 IspIPO9874IPPOL_HIJMAN[1 30781] 113 
gi145031 79lreflNP_003602, 1 l[45031 79] 117 
gil5803221 lreflNP_006775. 1 l[580322l] 106 
gill 22303391sp1 P577401 Ni 07_HUMAN[l 2230339] 106 
gi13801 461 8lgblAAHOlO86.21[38014618] 84 
gi1487629261reflNP_005040.21[48762926] 102 
gill 40430221reflNP_004981 .21 [14043022] 101 
gil559715ldbjlBAA07556.1 l[559715] 83 
gill 12252601reflNP_003277.1l[l 1225260] 91 
gill 230564lgb1AAB02546.l 1[1230564] 	 87 
gil4507241 lreflNP0031 37.11[4507241] 81 
gil414536lgblAAAl8945.1 1[414536] 	 56 
gi148269601ref1 NP_005042. 11[4826960] 	 88 
NUB 
Table 1. Identification of proteins in the chromosome scaffold fraction (continued) 
band no. proteins identified 
21 
	





23 nucleolar GTP-binding protein 1 
metastasis-associated protein MTA2 
24 
	
nucleolar GTP-binding protein 1 
cirhin 
metastasis-associated protein MTA2 
25 
	
heat shock protein 70 kDa (Hsp70) a 
DNA helicase II, 70 kDa subunit (Ku70) 
26 
	
DNA helicase II, 70 kDa subunit (Ku70) 
kinesin-like protein K1F22 
27 
	
nucleolar protein Nop56 
nuclear pore complex protein Nup75 
28 
	
hepatocellular carcinoma-associated antigen 66 




nucleolar protein Nop5 
30 
	
protein regulator of cytokinesis (PRC1) 

















ribosomal protein L4 
37 ribosomal protein L3 
aurora A 




39 histone macroH2Al .2 




histone macroH2Al .2 
41 
	
serine/threonirte protein phosphatase PP1 a 
nucleophosmin 












ribosomal protein S3a 
45 
	
ribosomal protein S6 
46 ribosomal protein S4 
47 
	
ribosomal protein S8 
48 ribosomal protein Li 0 
accession b kDa b 
gill 08639451refl NP_066964. 11[10863945] 83 
gill ll4O8lllreflNP_003580.1l[11140811] 77 
gill 3477303lgblAAH05i 25.1 [13477303] 80 
gil2l707262lgblAAH33784.1 [21707262] 74 
gill 4l4ll7OlreflNP_004730.21[14141 170] 75 
gill 442465319b1AAH09348. 1 l[l 4424653] 77 
gill 4424588lgblAAH09322. 1 l[l 44245881 
gi14503841 lreflNP_001460.1 (4503841] 70 
gill 9863381 lsplQl 48071KF22_HUMAN[1 9863381] 
	
73 
gi132483374]ref1 NP_006383.21 [32483374] 
	
66 
gill 33762591ref1 NP_079l 20.11 [13376259] 75 
gill 82033251sp1Q9NYH91HC66_HU MAN[ 1 8203325] 
	
70 
gill 7367257lsp1 Q9Y5J 1 1CG48_HUMAN[1 73672571 59 
gill 3752411 lgblAAK38647. 1 [1 3752411] 
	
65 
gil4680298lgblAAD2761 0.1 IAF1 23534_i [4680298] 
	
60 
gill 3477331 IgbIAAH051 40.1 [1 3477331] 
	
67 
gi145048951ref1 NP_002255. 1 [4504895] 
	
60 
gill 86767591dbj1BAB85020.1 [1 8676759] 60 
gi147592761refl NP_004695. 11(4759276] 
	
52 






gill 731 8569lreflNP_006l 1 2.21[l 7318569] 66 
gi128201 8901spl Q9Y2301R UV2_HUMAN[28201 890] 
	
51 
gil232738661gblAAH35259. 1 l[23273866] 
	
43 
gill 5779181 IgbIAAH1 4653.11[15779181 ] 48 
gil397946381gblAAH63662. 1 l[39794638] 
	
46 
gi127923855]sp1 0149651 STK6_H UMAN[27923855] 
	
46 













gi14906581 1 IsplP621 361PP1 A_HUMAN[4906581 1] 	37 
gill 89272lgblAAA36380.l 1[189272] 	 33 
gil21 71 7632Igb1AAM76703.1 IAF51 4992_l [21717632] 	30 
gill 825921gbIAAA52453. 1 1[1 82592] 	 34 
gill 9229351gb1AAB51 324.11(1922935] 
	
33 
gi17022521 ldbjlBAA91 629.11[7022521] 31 
gi1471 1 77641sp1 P612471 RS3A-HUMAN[471 177641 30 
gil487353461gblAAH71 907.11(48735346] 29 
gill 50555391ref I NP_002943.21 [15055539] 31 
gi1504036221sp1 P622411 RS8_H UMAN[50403622] 24 
gill 94238681gblAAL8871 3.1 1AF48681 2_l [19423868] 25 
isoform not determined. Accession numbers are given for selected isoform. 
b some proteins were identified in multiple bands. Protein information is given for the highest molecular weight band. 
ME 
Table 2. Localization of identified proteins in mitosis 
chromosomal 
DNA helicase II, 70 kDa (Ku70) 
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B-cell receptor-associated protein BAP37 
	
a 
borealin 	 C 





DNA damage binding protein 1 
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kinesin-like protein KIF22 
	
a 
metastasis associated protein MTA2 
	
a 
MYB binding protein la 
	 a 
nuclear pore complex protein Nup75 
	
C 
nuclear pore complex protein NuplO7 C 
nuclear pore complex protein Nupl6O 
	
C 
nucleolar GTP-binding protein 1 
	
P 
nucleolar protein Nop5 
	
P 
nucleolar protein Nop56 P 
nucleolar protein p40/EBNA1 -binding protein 
	
P 









serine/threonine protein phosphatase PP1 
	
C 




structure specific recognition protein 1 (SSRP1) a 






topoisomerase II a 
transcription factor WSTF 
	
a 
tubulin, beta subunit 
	
C 
a chromosome arms 
c centromere/kinetochore 





heat shock protein 70 kDa (Hsp70) 
importin alpha 
keratin 1 
nuclear mitotic apparatus protein 1 (NuMA) 
protein regulator of cytokinesis (PRC1) 
unknown 
aspartyl-tRNA synthetase 





oral-facial-digital syndrome 1 
ribosomal protein L10 
ribosomal protein L3 
ribosomal protein L4 
ribosomal protein S3a 
ribosomal protein S4 
ribosomal protein S6 
ribosomal protein S8 
U3 snoRN P-associated 55-kDa protein 










nuclear protein p30 
periodic tryptophan protein 2 homolog 
TOB3 
WD repeat-containing protein 3 
WD-repeat protein CGI-48 
WD-repeat protein SAM 
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Table 3. Identified subunits of chromosomal protein complexes 
name of complex condensin I condensin II FACT complex 
localization in mitosis chromosome arms chromosome arms chromosome arms 
function in mitosis chromosome structure chromosome structure unknown 
subunits of complex a hCAP-C hCAP-C FACT 140 kDa subunit 




name of complex Nup107-160 complex - Ku70/80 complex 
localization in mitosis kinetochores chromosome periphery chromosome periphery 
function in mitosis unknown unknown unknown 
subunits of complex a Nup75 Nop5 Ku70 
Nupl07 Nop56 Ku80 
Nup160 fibrillarin 
(Nup37,Nup43, 
Nup96,Nupl 33,Secl 3) 
name of complex toposome chromosomal WICH 
passenger complex 
localization in mitosis chromosome arms inner centromeres chromosome arms 
function in mitosis DNA decatenation chromosome conqression/ unknown 
cytokinesis 
subunits of complex a topoisomerase II INCENP WSTF 
SSRP1 aurora B hSNF2H 
RNA helicase Gu borealin 
(survivin) 
a additional subunits not identified in this study are in brackets. 
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2.5 Subcellular localization of three uncharacterized proteins 
To confirm the chromosomal localization in mitosis in vivo of the proteins 
identified in the scaffold fraction, the cDNAs of three uncharacterized gene 
products (KIAA1 709, FLJ23637, and nuclear protein p30) were cloned, and the 
proteins were transiently expressed as GFP-fusions in HeLa cells. All of these 
fusion proteins associated with mitotic chromosomes. 
The GFP-fusions of KIAA1709 and FLJ23637 localized to the 
perichromosomal layer at the chromosome periphery (Figs. 6 and 7), a region 
known to be a major site of binding for nuclear complexes during mitosis 
(Hernandez-Verdun and Gautier, 1994). In interphase, both proteins showed a 
nucleolar localization (Figs. 6A and 7A), which was confirmed by co-staining cells 
with an anti-fibrillarin antibody (data not shown). 
The GFP-fusion of p30 showed a different pattern of localization. It was 
present in the nucleus in interphase, where it co-localized with DNA, suggesting 
that the protein binds chromatin (Fig. 8A). The co-localization was especially 
prominent in regions of dense chromatin (judged by the intensity of the DAPI 
signal). The protein was also enriched at the nuclear periphery in the immediate 
vicinity of the nuclear lamina (Fig. 8A, inset). 
In mitosis, p30 associated with condensed chromosomes throughout 
prometaphase (Fig. 813) and anaphase (Fig. 8C). The protein showed an uneven 
distribution on chromosomes: It was present on the chromosome axis similar to 
the localization reported for topoisomerase II and the condensins (Fig. 9A). 
Interestingly, p30 was highly concentrated in a single spot on each sister 
chromatid. Co-staining with anti-centromere antibodies revealed that these spots 
represented the heterochromatic region of the inner centromere (Fig. 9A and B, 
insets). 
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Figure 6: Cell-cycle dependent localization of the uncharacterized protein K1AA1709. 
(A) A GFP-fusion of KIAA1709, a putative N-acetyltransferase, localizes to nucleoli in 
interphase, and (B) redistributes to the chromosomal periphery in prometaphase, where (C) it 
remains until telophase before concentrating in nascent nucleoli. Scale bar, 5 .tm. 
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Figure 7: A second uncharacterized protein, FLJ23637, also localizes to the 
chromosome periphery. 
(A) Localization of the WD-repeat protein FLJ23637 in interphase, (B) prometaphase, 
and (C) anaphase in HeLa cells transiently transfected with the GFP fusion. Scale bar, 
5 urn. 
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Figure 8: Nuclear protein p30 is enriched at the nuclear periphery and localizes to 
mitotic chromosomes. 
(A) Interphase localization of the uncharacterized nuclear protein p30 fused to GFP 
showing co-localization with chromatin and enrichment at the nuclear periphery. In mitosis, 
p30-GFP localizes to condensed chromosomes in (B) prometaphase and (C) anaphase. 
Scale bars, 5 tm; inset, 1 im. 
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Figure 9: Localization of nuclear protein p30 on mitotic chromosomes. 
(A and B) Co-staining with anti-centromere antibodies (ACA) reveals that p30-GFP is 
enriched in the heterochromatic region of the inner centromere (insets). It is also present 
along the chromatid axes (A, inset), similar to condensin. Scale bars, 5 tm; insets, him. 
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26 Over-expression of p30 results in abnormally condensed interphase 
chromatin 
Cells over-expressing the p30-GFP fusion protein had a novel phenotype 
suggestive of a role for this protein in the organization of the centromeric 
heterochromatin. Interphase chromatin of such cells was abnormally condensed 
into numerous foci, which always co-localized with the fusion protein (Fig. bA). 
Intriguingly, interphase centromeres were situated at the periphery of these foci 
(Fig. bA, inset). In a subset of cells over-expressing the p30-GFP fusion, the 
protein was also detectable in the cytoplasm, where it co-localized with 
microtubules (Fig. lOB), which often seemed to be abnormally bundled (Fig. lOB, 
inset). Furthermore, the fusion protein was present in the interior of highly 
condensed apoptotic bodies and partially co-localized with microtubule bundles 
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3. Discussion 
3.1 Condensin is essential for the structural integrity of vertebrate mitotic 
chromosomes, but largely dispensable for chromatin compaction 
The generation of a clonal cell population uniformly depleted of the condensin 
subunit SMC2 allowed us to address the biochemical properties of mitotic 
chromosomes from such cells. Surprisingly, mitotic SMC2OFF  chromosomes could 
be isolated using the same procedure as for SMC20N  chromosomes, which is 
based on density gradient centrifugation. Furthermore, SMC2OFF  chromosomes 
apparently contained the same protein components as SMC2ON  chromosomes. 
This suggests that the recruitment of chromosomal non-histone components is 
only marginally affected in the absence of condensin, and that these 
chromosomes achieve a similar density, i.e. compaction, as SMC2ON 
chromosomes. However, chromosomes depleted of SMC2 are structurally 
abnormal, as no chromosome scaffold fraction is obtained when the 
chromosomes are digested with nuclease and extracted with high salt. It 
therefore appears that, at least in vertebrates, the condensin complex is not 
required for the condensation of chromosomes per Se, but rather for the correct 
organization of the chromosome higher order structure essential for structural 
integrity. Although other non-histone proteins can be targeted to mitotic 
chromosomes, they appear to require the action of condensin in order to make 
correct interactions with each other and/or chromatin. This is in agreement with 
immunofluorescence data, which showed that these proteins are not localized 
correctly on mitotic chromosomes (Hudson et al., 2004). 
The nature of the higher order structure organized by condensin is still 
uncertain. The original scaffold model proposed the existence of a 
interconnected protein network within mitotic chromosomes. Alternatively, the 
higher-order organization may involve numerous, presumably discrete, 
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macromolecular 'anchoring complexes', which cross-link chromatin within mitotic 
chromosomes (Earnshaw and Heck, 1985; Hudson et al., 2004). Such anchoring 
complexes could account for both the elasticity of metaphase chromosomes 
(Poirier et al., 2000) as well as for its loss after nuclease treatment (Poirier et al., 
2002). 
It seems clear that apart from topoisomerase II and condensin, there must 
be additional factors involved in the formation of mitotic chromosomes. Their 
identification remains a key priority. 
3.2 The mitotic chromosome scaffold fraction is a rich source for novel 
chromosomal non-histone proteins 
The identification of proteins by mass spectrometric peptide mapping combined 
with database searching is a powerful approach for the analysis of subcellular 
fractions that can be obtained in a highly purified form. The availability of well-
established protocols for the isolation of human mitotic chromosome scaffolds 
prompted us to initiate a proteomic screen to identify novel proteins tightly bound 
to mitotic chromosomes. This screen identified 79 proteins, 51 % of which are 
known components of mitotic chromosomes. The screen also identified 16 
proteins that had not previously been characterized. To confirm their 
chromosomal association, three of these uncharacterized proteins were 
transiently expressed as GFP-fusions in HeLa cells and their cell-cycle 
dependent distribution was analysed by fluorescence microscopy. All three 
localized to chromosomes in mitosis. I therefore speculate that the majority of the 
remaining identified proteins interact with mitotic chromosomes in vivo. 
The present approach, based on one-dimensional PAGE and peptide 
mass mapping by MALDI, did not constitute a comprehensive proteomic screen, 
as only the more abundant components of a protein mixture generate a sufficient 
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yield of peptides for their confident identification. For example, I failed to identify 
known constitutive components of kinetochores, such as the CENP proteins. 
Nevertheless, approximately one in five proteins found in this screen was 
uncharacterized. This suggests that probing the scaffold fraction with more 
sensitive mass spectrometric techniques will identify additional novel 
chromosomal proteins. 
The improved resolution provided by two-dimensional gel electrophoresis 
would allow more proteins to be identified by peptide mass mapping. I made 
several attempts using a variety of conditions, but were unsuccessful. The main 
obstacle proved to be the poor solubility of the proteins during the isoelectric 
focusing step, which by and large precludes the inclusion of ionic detergents. 
Therefore, the methods of choice for improved sensitivity in future scaffold 
proteomics should be procedures that do not require the electophoretic 
separation of its protein components prior to mass spectrometric analysis. 
3.3 Abundance of nucleolar WD-repeat proteins at the periphery of mitotic 
chromosomes 
One-third (9 / 30) of the proteins whose chromosomal association during mitosis 
had previously been undetermined contained WD-repeats. Proteins belonging to 
the large WD-repeat family contain four or more repeating units with a conserved 
motif of approximately 40 amino acids that typically ends with tryptophan-aspartic 
acid (Smith et al., 1999). They play essential roles in diverse processes including 
signal transduction, chromatin assembly, cell cycle regulation, and apoptosis, 
and defects in these proteins have been associated with several human diseases 
(Li and Roberts, 2001). 
Two of these WD-repeat proteins found in the chromosome scaffold 
fraction, block of proliferation 1 and U3 snoRNP-associated 55-kDa protein, had 
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been characterized as components of nucleoli during interphase. The other 
seven WD-repeat proteins (cirhin, FLJ14075, FLJ23637, periodic tryptophan 
protein 2 homolog, WD repeat-containing protein 3, WD-repeat protein CGI-48, 
WD-repeat protein SAZD) have no attributed function. However, six of these 
proteins were recently identified in preparations of nucleoli by two large-scale 
proteomic analyses (Andersen et al., 2002; Scherl et al., 2002). I was therefore 
not surprised to find that the FLJ23637 protein (which was not among the 
proteins identified in the proteomic screens of the nucleolus) localizes to nucleoli 
during interphase. During mitosis, FLJ23637 redistributes to the chromosome 
periphery, the first member of the WD-repeat protein family shown to do so. I 
predict that the other 8 WD-repeat proteins identified in the chromosomal scaffold 
fraction will show a similar perichromosomal distribution in mitosis. 
A second uncharacterized protein studied here, KIAA1 709 (a putative N-
acetyl transferase), also localized to nucleoli in interphase and to the 
chromosome periphery in mitosis. It has been proposed that nucleolar 
perichromosomal proteins are involved in the generation of prenucleolar bodies 
at the end of mitosis (Fomproix et al., 1998). Thus, the 9 WD-repeat proteins 
identified in this study, together with KIAA1709, might have roles in early 
nucleolar assembly. 
34 Nuclear protein p30: Putative involvement in the formation of 
centromeric heterochromatin 
Nuclear protein p30 was first described in a proteomic analysis of the rat nuclear 
pore complex (Cronshaw et al., 2002), but was shown in that study not to co-
localize with nuclear pores in interphase and was not characterized further. The 
analysis of the p30-GFP fusion protein confirms the nuclear localization of the 
protein. Its co-localization with DAR indicates that p30 binds chromatin. The 
pronounced enrichment of p30 at the nuclear periphery adjacent to the lamina 
suggests that the protein is involved in the tethering of chromatin to the nuclear 
envelope. Alternatively, since this is a region rich in heterochromatin, p30 could 
be directly involved in the structure or function of heterochromatin. 
The phenotype observed following over-expression of p30 in interphase 
nuclei is consistent with the protein having an active role in chromatin structure. 
Nuclei over-expressing p30-GFP contained numerous condensed foci of DNA, 
many of which were associated with regions of ACA staining. These foci cc-
localized with p30-GFP, which was also highly concentrated in the inner 
centromere region of mitotic chromosomes. One of the functions of p30 might 
therefore be the organization of centromeric heterochromatin. Finally, the 
association of over-expressed p30 with microtubules raises the possibility that 
the protein interacts with the mitotic spindle at the centromere. Why a 
heterochromatin protein would also interact with microtubules is not clear, but it is 
worth noting that the human regulator of sister centromere cohesion, shugoshin, 
has also been shown to both associate with centromeres and bind microtubules 
(Salic et al., 2004). 
This proteomic survey of the mitotic chromosome scaffold fraction 
identified 16 previously uncharacterized proteins, three of which I showed to be 
associated with mitotic chromosomes in vivo. This confirms that the human 
chromosome scaffold fraction remains a rich source for the identification of 
candidate proteins involved in chromosome structure. An example of such an 
interesting candidate is the nuclear protein p30, whose potential involvement in 
the process of mitotic chromosome formation is the focus of ongoing functional 
studies. 
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V. Borealin: A novel subunit of the 
vertebrate chromosomal passenger 
complex 
1. Introduction 
In recent years, it has emerged that chromosomal passengers (Earnshaw and 
Bernat, 1990), a conserved complex of aurora-13 kinase, INCENP, and survivin 
(Adams et al., 2000; Wheatley et al., 2001a; Bolton et al., 2002; Cheeseman et 
al., 2002; Kaitna et al., 2000; Kang et al., 2001; Leverson et al., 2002), are key 
regulators of mitotic events (Vagnarelli and Earnshaw, 2004). In keeping with this 
role, chromosomal passengers show a dynamic localization pattern during 
mitosis, appearing on the chromosome arms and inner centromeres from 
prophase through metaphase and then transferring to the spindle midzone and 
midbody from anaphase through cytokinesis (Cooke et al., 1987). In yeast, 
relocalization of the chromosomal passenger complex to the central spindle in 
early anaphase is mediated by the dephosphorylation of Slil5/INCENP by Cdcl4 
(Pereira and Schiebel, 2003). The requirements for centromere targeting of the 
chromosomal passengers are still largely unknown, although aurora-A 
phosphorylation of CENP-A may contribute (Kunitoku et al., 2003). 
Aurora-B kinase activity peaks in mitosis (Bischoff et al., 1998; 
Terada et al., 1998), and its regulation involves both specific targeting and 
modulation of the kinase activity by the other chromosomal passengers. INCENP 
is a multidomain microtubule-binding protein (Cooke et al., 1987; Wheatley et al., 
2001b) that binds to aurora-13 through the conserved carboxy-terminal IN box 
(Adams et al., 2000; Terada et al., 2000; Honda et al., 2003). Binding stimulates 
aurora-13 to phosphorylate INCENP within the IN box, resulting in further kinase 
activation in a feedback loop (Bishop and Schumacher, 2002; Cheeseman et al., 
2002; Honda et al., 2003). Survivin has been reported to contribute to aurora-13 
activation in Xenopus and fission yeast (Bolton et al., 2002; Leverson et al., 
2002; Petersen and Hagan, 2003), although in vitro no direct stimulation was 
observed with the human proteins (Honda et al., 2003). Numerous chromosomal 
and cytoskeletal aurora-B substrates are now being discovered. 
Interference with the subunits of the chromosomal passenger 
complex produces severe mitotic defects. A profound inhibition of chromosome 
congression to the metaphase plate (Adams et al., 2001; Ditchfield et al., 2003; 
Hauf et al., 2003) reflects the involvement of aurora-B in the correction of syntelic 
chromosome attachments (Tanaka et al., 2002; Hauf et al., 2003; Andrews et al., 
2004; Lampson et al., 2004). A requirement for chromosomal passengers for 
spindle assembly checkpoint function was uncovered in yeast through analysis of 
Ipli/aurora and Birl/survivin-like function (Biggins and Murray, 2001; Petersen 
and Hagan, 2003). Interference with passenger function in vertebrate cells 
compromises the spindle-assembly checkpoint when microtubules are perturbed 
using taxol or monastrol (Carvalho et al., 2003; Ditchfield et al., 2003; Hauf et al., 
2003; Lens et al., 2003). Aurora-B, INCENP, and survivin are also essential for 
the late stages of cytokinesis (Adams et al., 2001; Carvalho et al., 2003; Giet and 
Glover, 2001; Kaitna et al., 2000; Lens et al., 2003; Severson et al., 2000; 
Terada et al., 1998). 
A fourth protein, TD-60, was described as a chromosomal passenger 
based on its localization during mitosis (Andreassen et al., 1991). Aurora-B and 
TD-60 are interdependent for localization (Mollinari et al., 2003), but it is 
presently unclear whether TD-60 is part of the chromosomal passenger complex. 
TD-60 appears to be a guanine nucleotide exchange factor that may act on Raci 
(Mollinari et al., 2003). 
A proteomic screen for human proteins associated with histone-depleted 
mitotic chromosomes identified 16 proteins that had not previously been 
characterized (see chapter IV). Here I report the initial characterization of one of 
these proteins. Borealin is a novel fourth subunit of the chromosomal passenger 
complex in vertebrates. It binds strongly to survivin, and may be the subunit that 
targets the complex to centromeres. Functional studies carried out in 
collaboration with Ana Carvalho reveal that borealin is required for the correction 
of kinetochore attachment errors and stability of the bipolar spindle in human 
cells. Furthermore, the present data suggest that there are multiple forms of the 
chromosomal passenger complex during mitosis. 
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2. Results 
2.1 Borealin is a novel vertebrate chromosomal passenger protein 
A GFP fusion of the uncharacterized human protein FLJ1 0468, which we termed 
borealin, showed a localization pattern during mitosis identical with that of 
chromosomal passenger proteins. It appeared on the chromosome arms and the 
inner centromeres in prophase (Fig. 1A) and concentrated at the inner 
centromeres during metaphase (Fig. 1A'). It then re-located to the spindle 
midzone at anaphase onset and remained at the midbody throughout telophase 
(Fig. 1A") and cytokinesis. Staining for the chromosomal passenger INCENP 
revealed that the GFP-fusion co-localized with INCENP in prometaphase (Fig. 
1 B) and anaphase (Fig. 1 B'). Together with Ana Carvalho, I also followed the 
dynamic localization of borealin-GFP in live cells (Fig. 2), which revealed two 
distinct populations of the fusion protein in anaphase at the cell cortex and the 
central spindle. 
Of the four uncharacterized proteins (KIAA1709, FLJ23637, p30, 
FLJ10468/borealin), whose chromosomal association in mitosis I had confirmed 
by transient expression of a GFP-fusion (see also chapter IV), borealin was of 
particular interest because of its localization, and it was therefore selected for 
further detailed characterization. 
Affinity-purified rabbit polyclonal antibody Ri 647, raised against full-length 
borealin, recognized a protein of approximately 34 kDa on immunoblots of HeLa 
cell lysates (Fig. 1C), which agreed well with the predicted molecular weight of 31 
kDa. Indirect immunofluorescence confirmed the dynamic localization of this 
protein in mitosis (Fig. 1 E). Experiments performed with a second affinity-purified 
antibody, R1648, strongly suggested that it recognized the identical protein on 
immunoblots and by indirect immunofluorescence (data not shown). Although 
both antibodies were equally suitable, I used R1647 in the subsequent analysis 
of borealin. Further evidence that R1647 recognizes borealin came from RNAi 
experiments, which showed that the protein band disappears in immunoblots of 
whole cell extracts derived from HeLa cell populations treated with borealin 
specific sIRNA (Fig. 12A). 
Chromosomal passenger proteins aurora-B, INCENP, and survivin are 
expressed in a cell cycle-dependent manner (Li and Altieri, 1999; Honda et al., 
2003). Immunoblotting of extracts from HeLa cells arrested in S-phase (S) or 
mitosis (M) revealed that borealin levels are also significantly increased in mitosis 
(Fig. 1D). Note that a slower-migrating form of INCENP, presumably the 
phosphorylated protein, was detected solely in mitotic cells. 
Simultaneous staining for aurora-B and borealin showed that the two 
proteins accumulate in the nucleus at the G2/M transition (Fig. 3A). The diffuse 
nuclear staining then disappears some time during prophase and the proteins 
associate with the chromosome arms and inner centromeres (Fig. 313). In fixed 
cells, no difference in the timing of association with chromatin and inner 
centromeres was apparent between the two proteins: they co-localized in all 
prophase cells examined (N = 6). The co-localization of the two proteins then 
continued throughout the remainder of mitosis (Fig. 3C-F). 
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Figure 1: FLJ1 0468 / borealin is a novel chromosomal passenger protein. 
Localization of borealin-GFP in prophase, (A') metaphase, and (A") telophase. 
Borealin-GFP co-localizes with INCENP in prometaphase and (B') anaphase. (C) 
Affinity purified anti-borealin antibody R1647 recognizes a 34-kDa protein in 
immunoblots of whole cell extracts. (D) Immunoblot showing expression levels of 
borealin and other selected proteins in S-phase (S) and mitosis (M). (E) Staining of 
anti-borealin antibody in prophase, (E') metaphase, and (E") anaphase. Scale bars, 
5 ltm; insets, ilim. 
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Figure 2: Live cell imaging shows the dynamic localization of borealin-GFP in mitosis. 
A HeLa cell stably expressing borealin-GFP was followed from metaphase to cytokinesis by collecting a 
series of z-sections every 2 mm. The arrow denotes cortical borealin-GFP at the cleavage furrow, which 
eventually joins the midbody population of borealin-GFP in telophase. Note that due to over-expression, 
some borealin-GFP remains on the chromatin in anaphase. This experiment was performed in 
collaboration with Ana Carvaiho. Scale bar, 5 lim. 
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2.2 Borealin is conserved among vertebrates 
The human borealin gene is located on chromosome 1 and consists of ten exons 
encoding a basic protein (p1 9.9) of 280 amino acids. Two putative nuclear 
localization signals encompass amino acids 4-20, and 146-166. No other 
conserved amino acid motifs were detected. Database searches conducted in 
collaboration with Dr. Dietlind Gerloff revealed relatives to human borealin in all 
vertebrates examined (Fig. 4A). Interestingly, borealin has an additional paralog 
in chicken, Xenopus, and zebrafish (borealin 2). In contrast, the closest match 
within the human genome is to a DNA segment on Chromosome 7 within an 
intron of a predicted septin-like protein. The absence of EST support and the lack 
of introns, however, suggest that this ORF is a remnant of a processed 
pseudogene. 
Secondary structure predictions suggest that borealin is built of two 
distinct domains. Six core helices are predicted for the N-terminal domain, 
whereas the second domain contains at least two strands besides three helices 
at the C-terminus (Fig. 4A). 
We also detected a remote similarity between borealin and predicted 
proteins in mosquito and Drosophila. Furthermore, a manual alignment with the 
C. elegans chromosomal passenger protein CSC-1 revealed weak sequence 
similarities within two short regions of borealin. We therefore include these 
proteins in a borealin family tree (Fig. 4B). We have been unable to find borealin-
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Figure 4: Borealin is conserved among vertebrates with distantly related proteins in insects 
and nematodes. 
(A) Multiple sequence alignment and secondary structure prediction of borealin proteins (Ginalski, 
2003). (B) Tentative tree for the borealin family (Brodskii, 1995). Colors indicate similarity of >60% 
(yellow) and >80% (green). Secondary structure predicted consistently for borealin 1 (blue) is 
indicated (H=helix; E=strand), with plausible core elements underlined based on their length (H >3; 
E>2) and presence in all sequences. NCBI/SPTrEMBL accession codes: Human, Hs_Bor, 
NP_060571/09NVW5 [cDNA, chromosome 1]; Hs_hypBor, likely pseudogene, Hs7_34123 
(5467829-5468473) [genomic DNA chromosome 7]. Mouse, Mm_Bor, BAC37258/Q8BHQ5 [cDNA 
chromosome 4]. Chicken, Gg_Borl, (BU135762+BU317198) [EST]; Gg_Bor2, 
(B U31 5188+ BU328206+ BU324297+B U225870) [EST]. Xenopus, Xl_Borl (BJ626030+ BJ642424) 
[EST]; Xl_Bor2, CA973941+CA982691 [EST]. Zebrafish, DrBorl, CK683767 [cDNA]; Dr_Bor2, 
(BM777478+BM080944). Fugu, FrBor, SINFRUP00000052671 corrected in one exon [pred. 
protein]. Caenorhabciifis, Ce_CSC-1, 045952/CAB07696. Mosquito, Ag_Borealin-relatedi, 
X P_309425 [pred. 	protein]; Ag_Boreali n-related2, X P_309424 [pred. 	protein]. Drosophila, 
Dm-Borealin-related, CG4454-PB [pred. protein]. The alignment and the tree were prepared by Dr. 
Dietlind Gerlotf. 	 94 
2.3 Borealin localization is disturbed in survivin-depleted cells and in cells 
expressing a dominant INCENP mutant 
To determine whether borealin exhibits functional interactions with the other 
chromosomal passengers, I exploited the mutual interdependence of these 
proteins for their localization in vivo. In cells depleted of survivin by RNAi, aurora-
B is localized diffusely in the cytoplasm in mitosis (Carvalho et al., 2003). My 
collaborator Ana Carvalho therefore transfected HeLa cells with survivin-specific 
siRNAs (Carvalho et al., 2003) and used aurora-B delocalization as a marker to 
identify survivin-depleted cells. Borealin was delocalized in all cells in which 
aurora-B was delocalized (Fig. 513), but localized correctly in cells transfected 
with control siRNAs (Fig. 5A). 
The chicken INCENP deletion mutant INCENP 1405 disrupts chromosomal 
passenger localization when over-expressed in vertebrate cells (Mackay et al., 
1998). I transfected HeLa cells with the INCENP 1.405 construct and identified cells 
over-expressing the protein by the abnormal localization of endogenous INCENP 
(Fig. 5C, right panel). In these cells, co-transfected borealin-GFP was diffusely 
localized on the chromosomes with little or no detectable enrichment at 
centromeres (Fig. 5C, left panel). In anaphase cells expressing INCENP 1405, 
borealin-GFP and INCENP remained associated with the chromosomes (Fig. 
5D). Interestingly, TD-60 also showed a diffuse chromosomal localization in the 
presence of INCENP 1405 (Fig. 5E and F), as did survivin and aurora-B (data not 
shown). 
These experiments show that borealin localization is dependent on the 
correct localization of survivin and INCENP, suggesting that borealin is 
functionally linked with the chromosomal passenger complex. 
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Figure 5: Borealin localization is dependent on the correct 
localization of other chromosomal passengers. 
(A and B) Depletion of survivin by RNA interference results in 
mislocalization of aurora-B and borealin from centromeres. (C-
F) In cells expressing the dominant mutant INCENP14051  
borealin-GFP and TD-60 are abnormally localized at (C and E) 
metaphase and (D and F) anaphase. Note that the left panels 
are not included in the merged middle panels. The survivin 
RNAi was performed by Ana Carvalho. Scale bars, 5 tim. 
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2.4 Borealin is a subunit of the chromosomal passenger complex in vivo 
The complete co-localization of borealin with aurora-B (Fig. 3) and the 
interdependence on the localization between borealin, survivin, INCENP (Fig. 5) 
raised the possibility that borealin is a subunit of the chromosomal passenger 
complex. For preliminary experiments to test this hypothesis, I used a HeLa cell 
line that stably expressed borealin-GFP. After incubation with colcemid, mitotic 
cells were collected by shake off. The GFP fusion was then immunoprecipitated 
from the lysate using anti-GFP antibody (Fig. 6A). INCENP, survivin, aurora-B 
and endogenous borealin co-immunoprecipitated with borealin-GFP, whereas 
TD-60 did not. 
Unfortunately, the anti-TD-60 antibody I used for indirect 
immunofluoresence was not suitable for immunoblotting. I therefore raised a 
rabbit polyclonal antibody against a C-terminal peptide of TD-60. In immunoblots, 
the affinity-purified serum recognizes a band of 56 kDa, which sometimes 
appears as a doublet (for example Fig. 6A), as well as a 45-kDa band, whose 
intensity is variable (compare Fig. 6C and Fig. 813). Although a variety of fixation 
conditions were tried, this antibody did not stain cells by indirect 
immunofluorescence. However, I am confident that the antibody is usable for 
immunoblots, since it recognizes purified TD-60 expressed in E. co/i as a GST-
fusion (but not GST alone). Furthermore, incubation of the antibody with the 
peptide prior to application abolishes the GST-TD-60 band as well as the 56 /45 
kDa bands of whole cell extracts, which may therefore represent isoforms of TD-
60. 
The lysis buffer used in the GFP immunoprecipitation (see Materials and 
Methods for complete buffer composition) had succeeded in solubilizing the 
chromosomal passenger proteins, while preserving at least some of the physical 
interactions among them (Fig. 6A). I investigated whether milder lysis buffers with 
a comparable solubilization capacity could be found by reducing the salt and 
detergent concentration (Fig. 613). Cells were lysed in the original buffer (A) or 
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variations thereof (B-G), and the amounts of TD-60, aurora-B, and borealin in the 
cleared lysate (S) and the insoluble pellet (P) were visualized by immunoblotting. 
Reducing the detergent concentration to 0.5 % NP-40 and 0.1 % deoxycholate 
did not change the solubilization capacity of the buffer significantly (compare 
buffer A and B, E). In contrast, a reduction in the NaCl concentration to 200 mM 
affected the solubilization of aurora-B and borealin considerably (compare buffer 
A and C; B and D; E and F). I therefore chose lysis buffer E for the next round of 
immunoprecipitation experiments. 
Using affinity-purified R1647, I immunoprecipitated endogenous borealin 
from mitotic cell lysates (Fig. 6C). Under these conditions, borealin could almost 
be completely depleted from the cell lysates. As shown in the previous 
experiment (Fig. 6A), aurora-B, INCENP, and survivin co-immunoprecipitated 
with borealin. About half of aurora-B and most of INCENP and survivin could thus 
be depleted from the cell lysates. In contrast, TD-60 did not co-
immunoprecipitate with borealin. To test whether the INCENP, aurora-B and TD-
60 remaining soluble after borealin immunoprecipitation were present in a 
complex, I subjected the supernatant to a second round of immunoprecipitation 
with a commercial antibody to aurora-B. INCENP was readily detected on the 
beads, but borealin, survivin and TD-60 were not (Fig. 6C). 
These experiments showed that borealin associates with a complex 
containing aurora-B, INCENP, and survivin in vivo. Furthermore, the detection of 
a subcomplex containing INCENP and aurora-B, but not borealin and survivin, 
raised the possibility that mitotic cells have multiple complexes containing 
chromosomal passengers. 
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Figure 6: Borealin is a subunit of the chromosomal passenger complex. 
(A) Chromosomal passengers co-immunoprecipitate with borealin-GFP. Mitotic HeLa cell lysate 
was incubated with anti-GFP antibody (IF: anti-GFP) or protein A beads (IF: beads only). 
Chromosomal passenger proteins in the unbound (U) and bound (B) fractions were visualized by 
immunoblotting. (B) Optimization of lysis buffers for chromosomal passenger solubilization. Mitotic 
cells were lysed with buffers containing different amounts of NaCI and detergents. The soluble 
fraction of chromosomal passengers (S) was compared with that in the insoluble pellet (F) by 
immunoblotting. (C) Immunoprecipitation of endogenous chromosomal passengers detects two 
complexes of different composition. Mitotic HeLa cells were lysed in buffer E, and the cleared 
lysate was incubated with affinity-purified R1647 (IF: anti-borealin) or pre-immune serum R1647 
(IP: pre-immune) cross-linked to protein A beads. Chromosomal passenger proteins in the 
unbound (U) and bound (B) fractions were visualized by immunoblotting. The unbound fraction 
after immunoprecipitation of borealin (Ui) was further incubated with anti-aurora-B antibody (IF: 
anti-aurora-B) crosslinked to protein A beads. Protein loading per lane is equivalent to mitotic 
lysate from 1.5 x 105  cells. The asterisk denotes residual rabbit IgG heavy chain co-eluted from the 
beads due to incomplete crosslinking. 
2.5 Chromosomal passengers co-sediment in sucrose gradients as part of 
high molecular weight complexes 
To further investigate the possibility of multiple chromosomal passenger 
complexes, I fractionated mitotic HeLa cell lysates prepared in different buffers 
on 5 - 20 % sucrose gradients (Fig. 7). The fractions were then analyzed by 
immunoblotting to check for co-sedimentation of chromosomal passengers. 
In the harshest lysis conditions used (Fig. 7A), survivin, aurora-B, borealin, 
and TD-60 appeared to sediment mostly independently from each other. Survivin 
sedimented at a discrete peak at around 2.5 Si, whereas borealin, aurora-B, and 
TD-60 were distributed broadly along the gradient, yet appeared to be 
concentrated in different fractions. 
Although this harsh lysis buffer had previously been used with some 
success to co-immunoprecipitate aurora-B and INCENP (Honda et al., 2003), the 
sedimentation analysis showed that the majority of chromosomal passengers did 
not associate with each other under these conditions. 
A milder lysis buffer (identical with buffer F in Fig. 613) resulted in 
considerable co-sedimentation of survivin, borealin, and aurora-B (Fig. 713). 
Again, all three proteins had a broad distribution, but were concentrated at about 
4.5 - 8.5 S. The majority of survivin was still sedimenting at 2.5 5, however. 
Surprisingly, a considerable amount of survivin, borealin, and aurora-B now 
sedimented to the bottom of the gradient. 
I then increased the salt concentration to 400 mM (identical with buffer E 
in Fig. 613). This corresponded to the lysis conditions used in the co-
immunoprecipitation experiments (Fig. 6C). 
1S values were determined only for the lysis condition that resulted in the best co-
sedimentation of chromosomal passengers (Fig. 7C). However, I believe that it is reasonable to 
assume that the sucrose gradients were reproducible enough to justify the rough estimate of S 
values given for the other two 5 - 20 % gradients (Fig. 7A and B). 
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Survivin, borealin, and aurora-B again co-sedimented, although they were now 
more broadly concentrated at 3.5 - 7.5 S. Importantly, INCENP also co-
sedimented with these proteins, and the distinct survivin peak at 2.5 S had 
disappeared (Fig. 7C). 
To clarify the nature of the subpopulation of chromosomal passengers 
sedimenting to the bottom of the 5 - 20 % gradient, I used 10 - 40 % gradients 
(Fig. 8). The broad distribution of survivin, borealin, aurora-B, and INCENP was 
now even more striking, covering the whole range of the gradient. Yet the 
proteins were slightly concentrated in two regions corresponding to about 3.5 - 
7.5 S and ~t 19 S (Fig. 8A and A'). This was most obvious for survivin. Curiously, 
the anti-TD-60 antibody recognized what appeared to be the lower band of the 
56-kDa doublet at an S value of about 19 S. 
To exclude the possibility that the composition of complexes containing 
chromosomal passengers was substantially influenced by the prolonged (up to 
22 h) exposure to colcemid prior to cell lysis, I obtained mitotic cells upon release 
from a double thymidine block (Fig. 813). The resulting sucrose gradient showed a 
similar distribution pattern of the chromosomal passengers as observed 
previously (compare Fig. 8B and A, A'). 
These results suggest that there are complexes in vivo which 
simultaneously contain survivin, borealin, aurora B, and INCENP, but probably 
not TD-60. However, the broad distribution of chromosomal passengers in the 
sucrose gradients made it impossible to detect discrete complexes of a defined 
composition. This may reflect the situation in mitotic cells at prometaphase, 
where the chromosomal passenger complex associates with numerous 
substrates of aurora-B. Thus, macromolecular complexes containing 
chromosomal passenger proteins, which are likely to be highly dynamic in 
composition, might be solubilized in partially intact form in the conditions tested 
here. 
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In a preliminary effort to identify additional proteins associated with the 
chromosomal passenger complex, I immunoprecipitated borealin as before (see 
Fig. 6C) and stained the proteins bound to the beads with silver (Fig. 9A). Bands 
that were absent from the control immunoprecipitation were excised and 
subjected to MALDI mass spectrometry. For 5 out of 7 samples, I was able to 
obtain a protein identity (Fig. 9B). Apart from borealin (band 2), histones H3 
(band 5), 1-12A (band 6), H4 (band 7), and actin (band 1), were identified. Due to 
the small amounts of protein present in gel bands 3 and 4, the yield of peptides 
was too poor for peptide mass mapping. 
These preliminary data suggest that the chromosomal passenger complex 
is associated with core histones. Interestingly, probing of the sucrose gradient 
immunoblots with an anti-histone H2B antibody revealed that the faster 
sedimenting passenger peak co-migrates with histone H2B (Fig. 8A'; this is most 
obvious for survivin). Therefore, a fraction of the chromosomal passenger 
complex may be bound to polynucleosomes under the conditions tested here, 
which would at least partially explain the appearance of high molecular weight 
complexes in sucrose gradients (Fig. 8). 
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Figure 7: Chromosomal passengers co-sediment in sucrose gradients. 
(A—C) Mitotic cells were lysed with buffers containing (A) low salt/high detergent, (B) low salt/low 
detergent, and (C) high salt/low detergent (exact detergent and salt composition is indicated 
below each gradient). The cleared lysates were loaded on linear 5 - 20 % sucrose gradients, 
which were spun at 100 000 x g for 5:30 h. Fractions were analysed by immunblotting. (C) 
Sedimentation markers run in parallel gradients are indicated above the gradient. 
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Figure 8: Chromosomal passengers are present in high molecular weight complexes. 
(A) Chromosomal passengers solubilized in buffer E (see Fig. 613) were fractionated on 10 - 40 % 
sucrose gradients (A and A') as indicated in Fig. 7. (B) Equivalent gradient with mitotic cells 
obtained by synchronization with thymidine rather than incubation with coicemid (all other sucrose 
gradients). 
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Figure 9: Histories co-immunoprecipitate with borealin. 
(A) Silver stained gel showing protein fractions after 
immunoprecipitation with anti-borealin antibody (IF: anti-borealin) or 
pre-immune serum (IP: pre-immune) cross-linked to protein A beads. 
Mitotic cells were processed as in Fig. 60. The bands excised for mass 
spectrometric analysis are indicated. Loading is equivalent to mitotic 
lysate from 6 x 106  cells. (B) Proteins identified following MALDI 
analysis. 
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2.6 Borealin associates with survivin, INCENP, and itself in vitro 
I next wanted to identify direct binding partners of borealin among the 
chromosomal passengers. In vitro pull -down assays revealed that GST-borealin 
interacts directly with in vitro translated INCENP and survivin, but not aurora-B or 
TD-60 (Fig. bA). Interestingly, borealin bound readily to itself. Quantification of 
the binding experiments revealed that the interaction with survivin is particularly 
efficient (Fig. lOB). Binding of C. elegans CSC-1 to Birl/survivin requires Zn2 
(Romano et al., 2003). Addition of the metal chelator OPA did not change the 
affinity of in vitro translated survivin for GST-borealin, suggesting that binding is 
not dependent on the presence of Zn2 (Fig. lOG). 
When the N- and C-terminal halves of borealin (amino acids 1-141 and 
142-280) were used for similar binding experiments (Fig. 10D), neither half 
bound INCENP, but both halves bound borealin. Borealin1141  bound survivin as 
efficiently as full-length borealin, while only a weak interaction was detected for 
borealin142280. Thus, the two halves of borealin interact differentially with subunits 
of the chromosomal passenger complex. 
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Figure 10: Borealin binds survivin, INCENP, and itself in vitro. 
(A) Borealin interacts directly with survivin, INCENP, and itself in vitro. Proteins were translated in 
the presence of [35S]methionine and incubated with bacterially expressed GST-borealin or GST 
alone bound to glutathione sepharose beads. Bound (B) and unbound (U) fractions were separated 
by SDS-PAGE and the proteins visualized by phosphorimaging. Luciferase was included to check 
for non-specific binding of GST-borealin. (A') GST-Borealin and GST used in the binding reactions 
(input) stained with Coomassie Blue. (B) Quantification of the binding experiments shown in (A). 
The bars represent the percentage of total translated protein bound to GST-borealin (black) or GST 
(grey) (N ~t 3). (C) Binding of borealin to survivin does not depend on Zn2 . The metal chelator OPA 
was added to the binding reaction described in (A). (0) The N- and C-terminal halves of borealin 
show differential binding properties in vitro. Experiments were carried out as described in (A), but 
included GST fusions of borealin1•141 and borea1in142280 in addition to full-length borealin1.280. (D') 
Equal input was checked by Coomassie Blue staining. 
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2.7 A borealin fragment selectively perturbs chromosomal passenger 
targeting to centromeres in vivo 
Knowing which regions of borealin mediate interactions with other chromosomal 
passengers, I probed the functional significance of these interactions by 
transiently transfecting HeLa cells with a series of borealin deletion mutants 
fused to GFP. Note that full-length borealin (280 amino acids) localizes correctly 
with GFP fused to either end (Fig. 1A and Fig. hA). I therefore left the GFP at 
the intact end when generating N- and C-terminal truncations. This was to ensure 
that any change in the localization behaviour of the fusion protein could be 
attributed to the truncation itself, rather than to the addition of GFP to the 
truncated end. 
All deletion mutants (GFP-borealin1141, borea1in142280-GFP , GFP-borealin1  
88' borealin89280-GFP) were nuclear in interphase (Fig. 11 B - E), suggesting that 
both of the predicted nuclear localization signals, one in each half of the protein, 
are functional in vivo. 
The nucleolar localization observed for GFP-borealin1280, borealin1280-
GFP, borealin142280-GFP, and borealin89280-GFP is probably an artefact, as both 
R1647 and Rh 648 fail to stain nucleoli (Fig. 2A and data not shown). Curiously, 
the second half of the protein appears to be required for the nucleolar localization 
of borealin-GFP fusions (compare Fig. 11 B and C). Since nucleoli are very active 
in transcription, a comparatively high local concentration of poly-anions (rRNAs) 
could result in the non-specific attraction of over-expressed basic proteins, such 
as borealin. Indeed, the N-terminal half of borealin, which does not localize to 
nucleoli, has a predicted p1 of 5.8, whereas the C-terminal half, which does 
localize to nucleoli, is very basic (p1 11). 
None of the deletion mutants localized to centromeres. GFP-borealin1141  
transferred to the spindle midzone normally, while the more extensive deletion 
GFP-borealin188 did not (compare Fig. 11 B and D). Both borealin142280-GFP and 
borealin89280-GFP failed to localize to the spindle midzone (Fig. hOC and E). 
Therefore, the N-terminal 88 amino acids are necessary, but not sufficient, for 
centromere and spindle midzone targeting of borealin (compare Fig. 11 D and E), 
while the first 141 amino acids are both necessary and sufficient for spindle 
midzone targeting. 
I then investigated the effect of over-expressing the deletion mutants on 
the localization of endogenous chromosomal passengers. INCENP, aurora-B, 
survivin, and TD-60 were delocalized from centromeres in cells expressing GFP-
borealin1141  (Fig. hG and I, data shown for survivin and TD-60) and GFP-
borealin188, but not in cells expressing borealin142280-GFP (Fig. 11 H and J) or 
borealin89280-GFP. Interestingly, G FP-borealin1141, while interfering with 
centromere targeting, did not prevent the other chromosomal passengers from 
accumulating at the spindle midzone (Fig. 11 F). The chromosomal passengers 
also transferred normally to the spindle midzone in cells expressing borealin142 
280-GFP and boreaIin89280-GFP (Fig. 11 F). In cells transfected with GFP-borealin1  
88' the few anaphase cells found expressed very low amounts of the deletion 
construct, suggesting that this protein is highly toxic. The chromosomal 
passengers in these cells localized to the midzone, albeit at reduced levels. 
These observations suggest that the N-terminal half of borealin, but not 
the C-terminal half, interacts with chromosomal passengers in vivo and can 
perturb their targeting to centromeres, but not to the spindle midzone. 
Interestingly, a closer examination of borealin-GFP localization in interphase 
nuclei (Fig. 11 K) revealed that it was not only present in nucleoli, but also 
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Figure 11: Transient expression of borealin deletion mutants identifies functional domains in 
vivo. 
(A-E) Localization of full-length borealin (A) and deletion mutants (B-E) expressed as GFP fusions in 
interphase (left panel), prometaphase/metaphase (middle panel), and anaphase (right panel). HeLa 
cells were transfected with GFP constructs containing borealin amino acids 1-280 (A), 1-141 (B), 142-
280 (C), 1-88 (D), and 89-280 (E), and processed for fluorescence microscopy after 36 h. (F) 
Summary of borealin deletion localization and effect on the localization of endogenous chromosomal 
passenger in mitosis. (G—J) Effect of borealin deletion expression on the localization of endogenous 
chromosomal passengers in prometaphase/metaphase. Cells were stained for survivin (G and H) and 
TD-60 (I and J) 36 h post-transfection. (K) Over-expression of borealin-GFP in interphase results in 
the localization of the fusion protein next to centromeres (inset). Scale bars, 5 .tm; inset, 1 i.Lm. 
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2.8 Depletion of borealin by RNA interference causes spindle abnormalities 
and failure of cytokinesis 
To examine the contribution of borealin to mitotic regulation, I collaborated with 
Ana Carvalho to deplete the protein by RNA interference in HeLa cells. Cells 
were synchronized in S-phase by a double thymidine block, released, and 
subsequently analysed upon entry into the first round of mitosis after exposure to 
siRNA. Immunoblotting showed that borealin was significantly depleted in cells 
treated with borealin siRNA (Fig. 12A). Levels of survivin and the slower-
migrating form of INCENP (see also Fig. 1D) decreased, but no significant 
change in the levels of aurora-B, aurora A, TD-60 or histone H3 phosphorylation 
at serine 10 was observed. Indirect immunofluorescence showed that> 95 % of 
cells exposed to borealin siRNA had no detectable borealin in mitosis. INCENP, 
survivin, aurora-B, and TD-60 were all delocalized in borealin-depleted cells (Fig. 
12B - E). As observed for other chromosomal passengers (Adams et al., 2001; 
Carvalho et al., 2003), depletion of borealin caused cells to accumulate in 
prometaphase with a corresponding decrease in later mitotic stages (Fig. 13A). 
To analyse the effect of borealin depletion on mitotic progression, cells 
were grown on grid coverslips. Starting 6 h after their release from the S-phase 
block, phase contrast images of several groups of cells were taken at 1 h 
intervals for a total of 7 h. On coverslips treated with control siRNA, 92 % of cells 
went through mitosis and completed cytokinesis successfully (Fig. 13B and C). In 
contrast, only 23 % of cells treated with borealin siRNA completed cytokinesis, 
while 41 % failed cytokinesis, 33 % underwent apoptosis, and 3 % stayed in 
mitosis longer than 3 h. The average duration of mitosis was 1.3 ± 0.2 h for 
control cells and 2.6.t 0.1 h for cells treated with borealin siRNA (N = 3). 
Closer examination of mitotic phenotypes in borealin-depleted cells 
revealed defective interactions between kinetochores and the mitotic spindle 
(Fig. 14). Among the many misaligned chromosomes observed, we noted both 
syntelic attachments (both kinetochores attached to the same pole; Fig. 1413) and 
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merotelic attachments (one kinetochore attached to both poles; Fig. 14C). 
Merotelic attachments cause kinetochores to lag in the spindle midzone during 
anaphase (Cimini et at., 2001), and 21 of 21 anaphases observed in cells treated 
with borealin siRNA featured tagging kinetochores (Fig. 14D). 
In addition to kinetochore mis-attachments, we also observed spindle 
abnormalities in borealin-depleted cells. In addition to a main bipolar spindle, 
40% of mitotic cells (Fig. 15F) exhibited ectopic asters containing y-tubulin (Fig. 
15A - C) and aurora-A kinase (Fig. 15D and E). Importantly, these extra poles 
did not represent centrosome amplification resulting from prior failed cytokinesis, 
as the images shown were collected in the first mitosis following release from the 
S-phase block. They were also unlikely to be due to the S-phase block itself, as 
they were only rarely observed in cells transfected with control siRNA (Fig. 15F). 
To investigate the effects of these spindle abnormalities on mitotic 
chromosome dynamics, we examined cells by live cell imaging (Fig. 16 and 17). 
HeLa cells expressing histone H2B-GFP were individually followed in mitosis 
capturing a stack of DIC and FITC images every 7 minutes. Cells exposed to 
control siRNA proceeded through mitosis without any defects in chromosome 
segregation or cytokinesis (Fig. 16). 
In contrast, none of the cells treated with borealin siRNA completed 
mitosis normally (Fig. 17). The most common phenotype, observed in 8 of 14 
cells, was extremely unusual. These cells progressed through the early stages of 
mitosis normally and ultimately formed a metaphase plate (Fig.17A, frame 2:01). 
The plate then often appeared to become frayed at either end (Fig. 17A, frame 
3:26). When these cells entered anaphase, the sister chromatids abruptly 
segregated from the metaphase plate in a number of differing directions towards 
what appeared to be multiple spindle poles (Fig. 17A, frame 3:33; 1713, frame 
5:36; 17C, frame 3:20). They also had lagging chromosomes in anaphase and 
ultimately failed cytokinesis. This suggests that the chromosomal passenger 
complex containing borealin has a role in ensuring the bipolar configuration of the 
mitotic spindle. 
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The cumulative effects of multipolar anaphases (Fig. 17), lagging 
chromosomes (Fig. 14 and 17), and failure of cytokinesis (Fig. 13 and Fig. 17) 
were clearly visible in fixed preparations, where cells contained multiple nuclei of 
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Figure 12: Depletion of borealin affects the stability of survivin and mis-localizes the 
chromosomal passengers. 
(A) Immunoblot showing substantial depletion of borealin in HeLa cells exposed to borealin siRNA 
and effect on the levels of other selected proteins. (B—E) Aurora-B (B and B'), survivin (C and C'), 
INCENP (D and D') and TD-60 (E and E') are mis-localized in borealin-negative cells. The data in this 
figure was contributed by Ana Carvalho. Scale bar, 5 tim. 
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Figure 13: Depletion of borealin interferes with mitotic progression. 
(A) Distribution of mitotic stages showing an accumulation in prometaphase of cells exposed to 
borealin siRNA (N = 3; total number of cells scored: control, 361; siRNA, 404). (B) Quantitation 
of time lapse experiments examining the effects of borealin depletion on mitotic progression. 
Low magnification images of synchronized cells were taken at 1 h intervals 6 h after the release 
from an S-phase block, and individual cells were categorized according to their fate during the 
course (7 h) of the experiment (N = 3; total number of cells scored: control, 158; siRNA, 204). 
(C) Examples of cell fates during the time lapse experiment quantitated in (B). Control cells go 
through mitosis normally (green arrow), whereas cells treated with borealin siRNA either fail in 















ig ure 14: Boreali n depletion promotes kinetochore-spindle mis-attachments. 
) Mitotic cells exposed to control siRNA with normal bipolar attachment of kinetochores to the spindle. (B 
id C) Cells treated with borealin siRNA showing (B—B") syntelic and (C—C") merotelic attachments. (D) 
uantitation of anaphases with kinetochores lagging in the spindle midzone, indicative of merotelic 
tachments (number of cells scored: control, 41; siRNA, 21). The data in this figure was contributed by 










Figure 15: Borealin depletion results in the formation of ectopic spindle poles. 
(A and D) Control cells with a normal bipolar spindle. (B, C, and E) Borealin siRNA-
treated cells with ectopic poles, which (B' and C') contain ''-tubulin as well as (E') 
aurora-A. (F) Quantification of multipolar mitotic cells observed after borealin depletion. 
The data in this figure was contributed by Ana Carvalho. Scale bars, 5 ltm. 
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Figure 16: Live imaging of a cell treated with control siRNA. 
Selected frames of a representative HeLa cell expressing histone H2B-GFP 
proceeding through anaphase normally after exposure to control siRNA. DIC and 
FITC three-dimentional data sets were collected every 7 mm. This experiment was 
carried out in a collaboration with Ana Carvalho. Scale bar, 5 tim. 
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Figure 17: Live imaging of borealin-depleted cells reveals severe defects in the 
partitioning of chromosomes in anaphase. 
(A-C) Selected frames of representative live cell imaging experiments performed on mitotic 
HeLa cells expressing histone H2B-GFP treated with borealin siRNA. Cells are able (A, frame 
2:01) to form a near-normal metaphase plate, but (A, frame 3:33; B, frame 5:36; C, frame 3:20) 
in anaphase chromosomes are scattered in different directions. These experiments were 
carried out in a collaboration with Ana Carvalho. Scale bar, 5 aim. 
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Figure 18: Multinucleate cells observed after depletion of borealin. 
(A and B) Cells were fixed and processed for indirect immunofluorescence following the first mitosis 
after treatment with (A) control s1RNA or (B) borealin siRNA. Boreal i n-depleted cells contain multiple 
nuclei of different sizes as a cumulative result of lagging anaphase chromosomes (Fig. 14C and 17), 
multipolar anaphases (Fig. 15 and 17), and failed cytokinesis (Fig. 13). This data was contributed by 
Ana Carvalho. Scale bar, 5 I.tm. 
120 
2.9 Borealin is phosphorylated by aurora-B and polo-like kinase 1 in vitro 
Aurora-B kinase activity is stimulated by INCENP and survivin (Bishop and 
Schumacher, 2002; Honda et al., 2003; Kang et al., 2001). I therefore wanted to 
address whether borealin had any effect upon aurora-B kinase activity in the 
presence of INCENP and survivin. As a substrate for kinase assays I chose 
myelin basic protein, which had previously been shown to be readily 
phosphorylated by aurora-B in vitro (Romano et al., 2003; Honda et al., 2003). In 
preliminary assays I used a GST-aurora-B fusion protein expressed in E. co/i. 
However, the majority of the protein appeared to be degraded, and the residual 
kinase activity was barely detectable. Therefore, I purified aurora-B and the other 
chromosomal passengers from insect Sf-9 cells after infection with appropriate 
combinations of the corresponding baculoviral constructs. This was done in 
collaboration with Dr. Sandrine Ruchaud. Aurora-B and INCENP contained an N-
terminal GST-tag, whereas borealin and survivin contained an N-terminal His-
tag. Using glutathione sepharose beads for the purification, we were able to 
obtain complexes containing aurora-B, INCENP, and survivin with or without 
borealin. For unknown reasons, nickel-NTA beads proved to be less successful 
in the purification of these complexes, although borealin and survivin were readily 
purified on their own. 
As expected (Bishop and Schumacher, 2002; Honda et al., 2003), aurora-
B kinase activity was greatly increased when it was co-purified from insect cells 
with INCENP and survivin compared to aurora-B on its own (Fig. 19A). Also, we 
noticed that the kinase activity in the presence of INCENP and survivin increased 
exponentially as incubation times were prolonged, which may reflect aurora-B 
stimulation by a positive feedback loop, as previously suggested (Bishop and 
Schumacher, 2002; Yasui et al., 2004). 
We then co-purified aurora-B/INCENP/survivinlborealin from insect cells 
and compared the resulting kinase activity with that exhibited by aurora-B in the 
presence of INCENP and survivin. Co-expressing borealin with the other 
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subunits did not alter aurora-B kinase activity appreciably, nor did the addition of 
separately purified borealin to aurora-B/INCENP/survivin (Fig. 19B). 
When we added bacterially expressed borealin to aurora-
B/INCENP/survivin, the full-length protein GST-borealin1280 was readily 
phosphorylated (Fig. 20A). GST-borealin142280 was also phosphorylated, but 
GST-Borealin1141  was not. Sequence analysis showed that the C-terminal half of 
borealin contains several potential phosphorylation sites for aurora-B (Fig. 20B). 
A serine to alanine mutation at one predicted phosphorylation site (S165A) 
resulted in a reduction, but not the abolition, of phosphorylation. This suggested 
that borealin is also phosphorylated at the adjacent serine (S164) and/or the 
other predicted phosphorylation sites (T152 and S266). 
Interestingly, borealin also features a consensus phosphorylation site for 
PIki (S180). We therefore purified His-tagged PIki from insect Sf-9 cells infected 
with the corresponding baculoviral construct, and performed kinase assays with 
GST-borealin fusions as for aurora-B. PIki phosphorylated mainly the C-terminal 
half of borealin, which contains the consensus site (Fig. 20B). 
Although we have yet to prove that borealin is phosphorylated in vivo, it is 
worth noting that on silver stained gels after immunoprecipitation, borealin 
appears as a doublet, hinting at the possibility of a post-translational modification 
(Fig. 20C). 
I tested the effect of several serine to alanine mutations, which were made 
in part by Dr. Damien Hudson, on the localization behaviour of borealin-GFP. 
Constructs containing single mutations (S164A, S165A, S266A), double 
mutations (S1 64A and S165A), or the triple mutation were transiently transfected 
into HeLa cells and analysed after 48 h. All borealin-GFP fusions localized 
normally to centromeres and the spindle midzone. A construct with a mutation in 
the PIki consensus site (S180A) also showed no abnormal localization during 
mitosis. Therefore, the role of a potential borealin phosphorylation in vivo 
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Figure 19: Borealin does not affect aurora-B kinase activity in vitro 
(A) Kinase activity towards myelin basic protein (MBP) of GST-aurora-B/GST-INCENP/His-
survivin co-purified from insect Sf-9 cells using glutathione sepharose beads (left) compared 
to GST-aurora-B on its own (right). (B) Kinase activity of GST-aurora-B/GST-INCENP/His-
survivin with or without His-borealin, which was either co-purified with the other subunits (left) 
or added separately in increasing amounts to GST-aurora-B/GST-INCENP/His-survivin 
(right). After SDS-PAGE, input of chromosomal passengers to the kinase reaction was 
visualized by immunoblot. Phosphorylation of MBP was checked by autoradiography, and 
equal MBP input was confirmed by Coomassie Blue staining. These experiments were 
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Figure 20: Borealin is a substrate for aurora-B and polo-like kinase 1 in vitro. 
(A) Phosphorylation of full-length GST-borealin1 280  and GST-borea1in142250, but not GST-borealin1. 
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by aurora-B. Phosphorylated proteins were visualized by autoradiography, and the input of 
myelin basic protein and the GST fusions was checked in parallel by Coomassie Blue staining. (A') 
Immunoblot showing the kinase preparation used in the assays containing GST-aurora-B/GST-
INCENP/His-survivin. (B) Sequence of C-terminal borealin (amino acids142-280). Putative 
phosphorylation sites for aurora-B (red) and polo-like kinase 1 (green) are indicated. Amino acids of 
the consensus site are in italics. (C) Autoradiograph demonstrating that polo-like kinase 1 
phosphorylates boreal in preferentially in the C-terminal halt. Casein was used as a positive control 
for kinase activity. Input of GST-borealin constructs is the same as in (A). (C') Kinase preparation 
visualized by immunoblotting. (D) Silver stained gel after immunoprecipitation with anti-borealin 
antibody (IP: anti-borealin) or pre-immune serum (lP: pre-immune). Borealin, identified by mass 
spectrometry (Fig. 9A), migrates as a doublet in mitosis (arrows), which suggests that the protein is 
post-translationally modified in vivo. The immunoprecipitation was performed as outlined previously 
(Fig. 9A). The serine to alanine mutation was generated by Dr. Damien Hudson. 
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3. Discussion 
3.1 Borealin is a subunit of the vertebrate chromosomal passenger 
complex 
Borealin is a 34-kDa chromosomal passenger protein that has homologues in all 
vertebrates examined, as well as more distant relatives in mosquito, Drosophila, 
and C. elegans. 
The distant relative in C. elegans, CSC-1, was identified by a genetic 
screen and subsequently found to associate with the chromosomal passenger 
complex (Romano et al., 2003). At the time, no homologues could be identified in 
other species except for C. briggsae. As a possible explanation, it was postulated 
that the function of INCENP in nematodes had diverged into two proteins, ICP-1 
and CSC-1 (Romano et al., 2003). While extensive BLAST searches with 
vertebrate borealin sequences identified potential homologues in mosquito and 
Drosophila, this approach failed to find any candidates for borealin-like proteins 
in nematodes. Furthermore, none of the borealin-like proteins feature the 
prominent imperfect repeat found in CSC-1, and the net charges are vastly 
different (p1 9.9 for human borealin compared to p1 5.1 for CSC-1). However, a 
direct manual alignment revealed weak sequence similarities, which were 
confined to short domains near the N- and C-termini. On a functional level, both 
borealin and CSC-1 have been shown to bind to Bir-1/survivin and ICP-
1/INCENP, although human borealin does not require Zn2 for survivin binding. 
Furthermore, neither protein had an effect on aurora-B kinase activity in vitro. 
Based on the available data, it is therefore reasonable to assume that the 
nematode gene split model of INCENP is incorrect, and that CSC-1 is a distant 
ortholog of borealin. 
Interestingly, the two borealin paralogues in Xenopus were recently found 
in an independent screen for proteins binding to in vitro assembled 
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chromosomes (Sampath et al., 2004). Both proteins, called dasra A 
(corresponding to borealin2 in Fig. 2) and dasra B (homologue of human 
borealin) localized to metaphase chromosomes with a pronounced enrichment at 
centromeres. Furthermore, both interacted with the chromosomal passenger 
complex. It was speculated that there are two types of chromosomal passenger 
complexes in Xenopus: One containing dasra A, the other containing dasra B. 
The homologue of dasra A/borealin2 in humans, if indeed there is one, remains 
to be identified. 
Like aurora-B, INCENP, and survivin (Honda et at., 2003; Li et at., 1998), 
borealin is cell-cycle regulated. This is in agreement with the findings of a 
previous study, which identified eight human transcripts, including that for 
borealin, on the basis of their co-expression with known cell cycle genes 
including Cdc2, MCAK, and topoisomerase II (Walker, 2001). Borealin was also 
one of 50 ESTs identified in a genomic screen for mRNAs expressed in G2/M 
similar to aurora-A and B (Tien et al., 2004). 
Human borealin is a subunit of the chromosomal passenger complex, 
together with aurora-B, INCENP, and survivin. Based on the in vitro binding data, 
survivin and INCENP are likely to be the major binding partners of borealin within 
the complex. I observed a particularly efficient direct interaction between survivin 
and borealin. Furthermore, the stability of survivin depends on the presence of 
borealin, whereas aurora-B, INCENP, and TD-60 do not require borealin for their 
stability. Given the role of survivin in apoptotic regulation, it will be important to 
address whether the interaction between borealin and survivin is specific to 
mitosis, and how a potential interaction with borealin in interphase affects 
survivin binding to other proteins involved in apoptosis, such as smac/diablo. 
Like survivin, which is a dimer (Chantalat et al., 2000; Muchmore et al., 
2000; Verdecia et al., 2000), borealin associates with itself in vitro. Furthermore, 
the GFP-borealin immunoprecipitation experiments showed that borealin 
interacts with itself directly or indirectly in vivo. Therefore, borealin is likely to be a 
multimer in the complex. Alternatively, self-association of borealin (and/or 
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survivin) could promote association of chromosomal passenger complexes with 
each other. There may be multiple chromosomal passenger complexes at any 
one time, which differ in stoichiometry of aurora-B, INCENP, survivin, and 
borealin. For example, I obtained evidence of an aurora-B/INCENP subcomplex, 
which did not contain detectable survivin or borealin. Interestingly, aurora-B is 
able to phosphorylate histone H3 to similar levels whether or not borealin is 
present. This suggests that INCENP binding to aurora-B, and therefore the 
activation of the kinase, does not require borealin. Therefore, it is possible that 
the aurora-B/INCENP subcomplex represents a discrete functional entity in vivo. 
The biochemical analysis of the chromosomal passengers was based on 
extracts from cells blocked in prometaphase. I therefore attribute the broad co-
migration pattern of chromosomal passengers in sucrose gradients to the 
presence of a range of additional proteins with which the complex associates at 
chromosomes. The resulting macromolecular complexes might be highly 
dynamic in their composition, which is likely to be sensitive to the conditions used 
to solubilize the chromosomal passengers. In Xenopus egg extracts, these 
interactions might be weaker, as complexes with defined sedimentation values in 
sucrose gradients can be identified (Adams et al., 2001; Bolton et al., 2002; 
Sampath et al., 2004). Under the solubilization conditions used here, core 
histones are readily co-immunoprecipitated with borealin, and at least one 
histone (1-1213) co-migrates with a fast-sedimenting chromosomal passenger 
population in sucrose gradients. The macromolecular chromosomal passenger 
complexes are therefore likely to contain polynucleosomes. Careful 
characterization of these polynucleosomes (histone modifications, type of DNA) 
should provide insight into the interaction of the chromosomal passenger 
complex with the inner centromere region. 
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3.2 Borealin is a potential substrate for aurora-13 and Piki 
In addition to their involvement in targeting aurora-B to its sites of action, survivin 
and INCENP also contribute to the activation of the kinase. INCENP 
phosphorylation by aurora-B is part of a feedback loop that brings about a 
substantial increase in kinase activity (Bishop et al, 2002; Honda et al., 2003). 
Survivin may also have a role in aurora-B activation, though this is currently 
debated (Bolton et al., 2002; Honda et al., 2003). 
We have used chromosomal passenger complexes co-purified from 
baculovirus-infected Sf-9 cells to ask whether the presence of borealin has a 
stimulatory or inhibitory effect on the activity of aurora-B kinase. When 
comparable amounts of aurora-B, INCENP, and survivin were used in the 
assays, the presence of borealin did not result in a detectable change of kinase 
activity. Likewise, we did not observe a significant decrease in histone H3 
phosphorylation at serine 10 in vivo following borealin depletion. The major role 
of borealin is therefore unlikely to involve direct modulation of aurora-B kinase 
activity. However, it is still conceivable that borealin plays a more subtle role, as 
we did observe a substantial decrease in the levels of a mitosis-specific slower 
migrating form of INCENP in borealin-depleted cells. 
Like INCENP, borealin is phosphorylated in its C-terminal half by aurora-B 
in vitro, most probably at multiple sites. Furthermore, Plkl phosphorylates 
borealin predominantly in its C-terminal half, which is in agreement with the 
presence of a consensus phosphorylation site. Although the in vitro 
phosphorylation sites remain to be determined and the occurrence of borealin 
phosphorylation in vivo remains to be demonstrated, this preliminary data raises 
the exciting prospect of a cross-talk between aurora-B and Plkl, two key mitotic 
kinases, through a subunit of the chromosomal passenger complex 
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3.3 Borealin and centromere targeting of the chromosomal passenger 
complex 
The dramatic movements of the chromosomal passengers during mitosis are 
thought to reflect the spatio-temporal regulation of aurora-B kinase activity 
throughout the mitotic cell, and the underlying mechanisms are therefore of 
considerable significance. Curiously, the presence of all four subunits is required 
for localization of the complex to both inner centromeres and the spindle 
midzone. This makes it difficult to assess the individual contributions of subunits 
to the targeting mechanisms. I observed that when the N-terminal half of borealin 
is over-expressed in HeLa cells, the endogenous chromosomal passengers are 
unable to accumulate at centromeres, while spindle midzone targeting is 
unaffected. The N-terminal half of borealin, but not the C-terminal half, binds 
efficiently to survivin in vitro. It is therefore possible that the dominant effect of 
the N-terminal half in vivo is due its interaction with survivin. Conversely, the C-
terminal half, which is also unable to localize to centromeres, may not be able to 
bind the complex sufficiently to have a dominant effect. 
The mis-localization of the endogenous chromosomal passengers by the 
N-terminal half of borealin is unlikely to be due to a disruption of kinase activity of 
the complex, because the ability of INCENP to stimulate aurora-B kinase activity 
in vitro is unaffected by the presence of excess N-terminal borealin (data not 
shown). The selectivity with which the truncation mutant interferes with the 
localization of the endogenous chromosomal passengers is consistent with a 
specific role for borealin in centromere targeting. In support of that hypothesis, 
over-expression of full-length borealin-GFP results in the accumulation of the 
fusion protein in the nucleus, where it partially localizes to centromeres. These 
results also imply that centromere and spindle midzone targeting involve distinct 
mechanisms. This was also suggested by the analysis of the conditional 
knockout of the condensin subunit SMC2 in chicken DT40 cells: In cells depleted 
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of SMC2, centromere targeting of INCENP was disrupted, yet it localized 
correctly to the spindle midzone at anaphase (Hudson et al., 2003). 
3.4 The chromosomal passenger complex and TD-60 
Our data strongly suggest that there is an intimate functional link between TD-60 
and the chromosomal passenger complex. TD-60 co-localises with the 
chromosomal passengers (Marti neau-Thuillier et al., 1998), and in a recent 
study, depletion of aurora-B by RNAi was shown to perturb TD-60 localization 
(Mollinari et al., 2003). We find that whenever chromosomal passenger 
localization is perturbed, either by transient expression of a dominant-negative 
INCENP or borealin mutant, or by depletion of borealin, the localization of TD-60 
shows an identical perturbation. However, the nature of this functional link 
remains to be determined. We have been unable to demonstrate a physical 
association between TD-60 and the chromosomal passenger complex by either 
immunoprecipitation, in vitro pull-downs, or sucrose gradients. Therefore, the link 
is unlikely to involve direct binding of TD-60 to the complex. TD-60 is structurally 
homologous to RCC1, a guanine nucleotide exchange factor (GEF), and has 
been shown to bind to Racl in vitro (Mollinari et al., 2003). Intriguingly, RCC1 
facilitates the release of the aurora-A activator TPX2 from importin a/13  through 
the establishment of a Ran-GTP gradient near mitotic chromosomes. It is 
tempting to speculate that aurora-B is regulated by a similar principle, which 
would involve a local small-GTPase-GTP gradient at centromeres, created by the 
GEF activity of TD-60. Whatever the functional link, the available data strongly 
suggests a role for small GTPases as either regulators or effectors of aurora-B 
kinase. 
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3.5 Borealin is required for kinetochore error correction and stability of the 
bipolar mitotic spindle 
Aurora-B kinase has a major role in the correction of kinetochore-orientation 
defects in mitosis, and particularly in the resolution of syntelic attachments (Hauf 
et al., 2003; Lampson et al., 2004; Tanaka et al., 2002). It was therefore not 
unexpected that syntelically attached chromosomes could be observed in cells 
depleted of borealin. More surprising was the marked increase in chromosomes 
exhibiting merotelic attachments, which are not thought to be readily detected by 
the mitotic checkpoint and have been proposed to be a major source of human 
aneuploidy (Cimini et al., 2001). These results imply that the chromosomal 
passenger complex has a significant role in the prevention and/or resolution of 
merotelic attachments and strengthens the notion of the chromosomal 
passengers as master overseers of kinetochore orientation during mitosis. The 
underlying mechanisms remain to be determined, but regulation of factors that 
influence microtubule behaviour, such as the KinI kinesin MCAK (Andrews et al., 
2004; Kline-Smith et al., 2004; Lan et al., 2004) and its regulator ICIS (Ohi et al., 
2003), are strong possibilities. 
The roles of chromosomal passengers in kinetochore function and 
cytokinesis are now widely documented, but less is known about their role in 
spindle structure and stability. Interestingly, a recent study revealed that the 
chromosomal passenger complex is required for the formation of bipolar spindles 
in Xenopus egg extracts (Sampath et al., 2004). In extracts depleted of 
chromosomal passengers, chromosomes could neither nucleate nor stabilize 
microtubules. This was then shown to reflect the functional relationship between 
aurora-B and MCAK. While chromatin-induced microtubule stabilization is 
essential in female meiotic cells, it thought to be less important for somatic cells. 
In our analysis of borealin function in HeLa cells, we did not observe a 
dramatic spindle assembly phenotype. However, we showed by live imaging that 
depletion of borealin results in a characteristic phenotype in which cells align 
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their chromosomes on what appears to be a nearly normal metaphase plate, but 
then abruptly undergo multipolar anaphases. In fixed images, small ectopic poles 
can be seen beside bipolar spindles. These poles, which bind both aurora-A and 
?-tubulin, are functional, as they are associated with microtubules. Yet, the live 
imaging data suggest that they do not orient significant numbers of 
chromosomes during prometaphase, as near normal metaphase chromosome 
alignment is observed. Instead, the ectopic poles appear to interact with the 
chromosomes only after bipolar alignment has been achieved, so that at 
anaphase onset the chromosomes abruptly leave the metaphase plate in multiple 
directions. Future work should be aimed at elucidating when these ectopic asters 
form, and whether they represent fragmented spindle poles or an association of 
pericentriolar proteins without centrioles. The multipolar spindles observed after 
borealin depletion reflect a previously undocumented involvement of the 





The work presented in this thesis has led to the identification of novel 
chromosomal non-histone proteins, one of which, nuclear protein p30, is 
potentially involved in the formation of centromeric heterochromatin. It has added 
a fourth subunit, borealin, to the vertebrate chromosome passenger complex, 
whose functional analysis contributed to the understanding of the role of 
chromosomal passenger proteins in mitotic regulation. 
The histone-depleted chromosome scaffold fraction has for some time 
been known to contain a variety of non-histone proteins involved in chromosome 
structure and chromosome dynamics. A chicken DT40 knockout cell line enabled 
us to study the biochemical properties of isolated mitotic chromosomes depleted 
of such a scaffold component, the condensin subunit SMC2. I showed that 
mitotic chromosomes can be isolated in the absence of SMC2 using the same 
procedure as for wild type chicken chromosomes. This strongly suggested that 
the density of chromosomes does not significantly depend on the presence of 
SMC2. Therefore, condensin can only have a limited role in generating the 
condensed morphology of vertebrate mitotic chromosomes. Importantly, the 
scaffold fraction cannot be obtained from SMC2-depleted chromosomes, as such 
chromosomes are highly fragile. These results therefore suggest that a major 
function of condensin in mitosis is to confer structural stability to chromosomes. It 
may do so by creating the environment for the correct association of other 
chromosomal non-histone proteins with each other or with chromatin. Condensin 
may thus be thought of as an architectural factor rather than simply a chromatin-
condensing activity. 
I then used the human chromosome scaffold fraction as the basis for a 
proteomic screen designed to identify other factors involved in mitotic 
chromosome behaviour. I identified a total of 79 proteins, only half of which had 
previously been described as components of mitotic chromosomes. Of the 16 
uncharacterized proteins identified, I cloned four and analyzed their cell-cycle 
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dependent distribution. All four proteins associated with chromosomes in mitosis. 
This confirmed that the chromosome scaffold fraction is a useful starting material 
for screens aimed at identifying novel chromosomal components. 
One uncharacterized protein, known as nuclear protein p30, localized to 
chromosome arms and was enriched at inner centromeres. A preliminary 
analysis of the phenotype in cells over-expressing p30 indicated that the protein 
is involved in the formation of centromeric heterochromatin. On-going studies are 
addressing the potential role of this protein in mitotic chromosome structure. 
A second uncharacterized protein, which we termed borealin, turned out 
to be a novel chromosomal passenger protein. Borealin is a fourth subunit of the 
vertebrate chromosomal passenger complex together with aurora-B, survivin, 
and INCENP. I presented evidence suggesting that borealin does not regulate 
aurora-B kinase activity, but may be the subunit that targets the complex to inner 
centromeres. The major direct binding partner of borealin, at least in mitosis, is 
likely to be survivin. In light of survivin's role in apoptotic regulation, this 
interaction is of particular interest and should be the focus of much attention in 
the future. I also included the potential GEF TD-60 in the present analysis and 
show that the protein is unlikely to be a subunit of the chromosomal passenger 
complex. However, the absolute interdependence of TD-60 and the 
chromosomal passenger complex for localization are indicative of a close 
functional link. The identification of the small GTPase regulated by TD-60 in vivo 
should be a key priority. 
Our functional analysis following borealin depletion revealed that the 
chromosomal passenger complex is required for a range of kinetochore 
functions, including the resolution of merotelic attachments. Borealin is also 
required for the stability of the bipolar spindle during mitosis. Thus, the 
chromosomal passenger complex is now firmly established as a master regulator 
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